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ABSTRACT 
Recent advances in accelerator technology have made it possible 
to accelerate nuclei much heavier than the proton to relativistic 
energies. Thus opening the study of nuclear matter to a new and 
exciting avenue of scientific enquiry - the study of relativistic 
heavy ion collisions. To help expand the boundaries of current know-
ledge in this field, and to understand the detailed nature of the 
collision process more fully, the present investigation is undertaken. 
The present investigation is based on an experimental analysis of 
1250 inelastic collisions produced by 4.5 A GeV/c carbon nuclei in 
nuclear emulsion. 
In chapter I, the historical background of nucleus-nucleus 
collisions, their classification, some important results from cosmic 
rays and accelerators beams have been discussed. Some unusual pheno-
mena namely shock waves, quark-gluon plasma, etc. which are expected 
to occur in nucleus-nucleus collisions have also been discussed. 
Important theoretical models have been discussed to understand and 
to get some useful information regarding these collisions. 
In chapter II, the experimental techniques have been discussed. 
Details of the emulsion stack used in present investigation, its 
scanning, classification of tracks, selection criteria, measurements 
of various parameters and charge identification of projectile fragments 
are given. 
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In chapter I I I , the general c h a r a c t e r i s t i c s of C-emulsion 
c o l l i s i o n s a t 4.5 A GeV/c have been s tudied. M u l t i p l i c i t y and angular 
d i s t r i b u t i o n s of charged secondary p a r t i c l e s , such as shower, grey, 
black and heavy p a r t i c l e s and co r re l a t ions among them are discussed. 
The presented data are compared with corresponding r e s u l t s from c o l l i -
sions of other p r o j e c t i l e s . I t i s found tha t the average m u l t i p l i c i t y 
of black p a r t i c l e s <Nu> does not depend on the mass of the p r o j e c t i l e . 
Whereas, the average m u l t i p l i c i t y of grey p a r t i c l e s <N > increases 
with the mass of the p r o j e c t i l e and the dependence can be described 
by a r e l a t i o n of the type < '^n> = Const. A^. This r e s u l t can be 
explained on the basis of f i r e - b a l l model. The dependence of <Nu^> on 
N , <N > on N. and <Nu> on N i s almost the same as in p-nucleus g s h h s 
c o l l i s i o n s . The average number of i n t e r ac t ing nucleons of the projec-
t i l e i s found to be 6.95 + 0.24 in the present experiment and the 
mean m u l t i p l i c i t y of shower p a r t i c l e s per i n t e r a c t i n g nucleon i s found 
14 
to be approximately the same as in p-emulsion and N-emulsion c o l l i -
s ions . The shape of the angular d i s t r i b u t i o n s of shower, grey and 
black p a r t i c l e s does not depend on the mass of the p r o j e c t i l e , indica-
t ing t h a t the p a r t i c l e production mechanism i s probably the same in 
p-nucleus and nucleus-nucleus c o l l i s i o n s . Moreover, the angular 
d i s t r i b u t i o n s of grey and black p a r t i c l e s do not show any s ign i f i can t 
peaks t ha t could be a t t r i b u t e d to the shock wave phenomenon. 
12 
In chapter I^ /, fragmentation characteristics of C-nuclei m 
nuclear emulsion have been studied. Multiplicities of projectile 
fragments of different charges have been obtained in different ensembles 
Ill 
of collisions. It is found that the average multiplicity of projectile 
fragments has a weak dependence on the mass of the target and increases 
with the mass of the projectile. The dependence of the type <N > = 
Const. A is found. Multiplicity distributions of projectile fragments 
have been studied and it is found that the production cross-section of 
12 
the reaction m which projectile C breaks up into two Z = 3 frag-
_2 
ments is 1.36x10 of the total inelastic cross-section. 
Our results on the multiplicities of fragments from the frag-
mentation of carbon nuclei in emulsion show that the factorization 
observed in electronic experiment for fragments emitted near 0° has 
a restricted region of applicability. It is broken in an emulsion 
experiment wherein the total cross-sections are measured. The depen-
dence of the average multiplicity of Z = 2 and Z 2 3 fragments on 
<N, >, which is a measure of target excitation and also a characteristic 
of impact parameter, is in agreement with the picture of smooth varia-
tion of projectile spectators with changing impact parameter. 
The projected angular distributions of fragments of charge 
Z = 1-5 have been studied. For a given charge, the distribution is 
independent of target mass, excepting Z = 2 fragments for which a 
weak dependence is observed. The observed a values are higher than 
those predicted by Lepore and Riddell. Further, the analysis also 
indicates that the limiting fragmentation observed by Greiner et al 
12 for fragments from the fragmentation of C nuclei with energies 1.05 
and 2.1 A GeV is not valid for fragments from the fragmentation of 
^^C with energy 3.7 A GeV. 
XV 
Special attention has been paid to helium fragments. For this 
purpose events have been divided into different reaction channels, 
according to the number of helium fragments emitted and various chara-
cteristics of helium fragments have been studied in each channel. The 
correlation between the projectile and target breakup indicates that 
the mode of projectile breakup is almost independent of the target 
breakup, although a weak dependence of <Mu> on the degree of projec-
tile breakup cannot be ruled out. The dependence of average multi-
plicity of helium fragments with the degree of target breakup <Nu> 
for different reaction channels indicates that 3 x He and 1 x He + F ,^ 
channels represent pceripheral collisions while 1 x He and 2 x He 
0 
channels represent more vilent collisions. The deoendence of the 
average angle of emission of helium fragments on <N, > for different 
n 
channels indicates that the average angle of emission is almost 
independent of M. . The analysis of angular distributions of helium 
fragments in different channels indicates that no correlation exists 
12 
between nucleons m C projectile. This result is in agreement with 
Godlhaber model of nuclear fragmentation. 
The average transverse momentum <P,> of fragments of different 
12 
charges produced in collisions of C projectile with different target 
groups increases with target mass as well as with increase in charge 
of the projectile. Presence of high P, tail distorts the transverse 
momentum distribution of fragments. The fragmentation model describes 
the features of transverse momentum distributions only for P^ _< 500 
MeV/c. Values of nuclear Fermi momentum obtained in the present 
experiment are in agreement with that obtained in electron scattering 
experiment. The excitation energy observed is of the order of the 
binding energy per nucleon. This indicates that little energy transfer 
12 
takes place during the fragmentation of C-nuclei. S t a t i s t i c a l l y 
significant azimuthal correlations among fragments in the azimuthal 
plane indicate that the fragmenting nucleus gets a transverse momentum 
during the col l is ion process. The diffraction dissociation events 
12 4 
( C > 3 He) are 2.08>< of the total ine las t ic col l i s ions . Study 
of such events indicates that this reaction goes through an intermediate 
Be s ta te . 
Finally, in chapter V, the interaction mean free path in nuclear 
emulsion of fragments of charge Z = 2 and Z 2 3 and its possible 
dependence on distance from the interaction vertex has been studied. 
For Z = 2 fragments the dependence has been studied by dividing the 
events into various categories depending upon the number of heavily 
ionizing particles, N. , and their angle of emission 0. For Z = 2 
fragments, no evidence is found for the anomalously short mean free 
path in the first few centimeters of the point of emission. Further,' 
we do not find any evidence for the production of He + Be binary 
cluster system as recently suggested by Bayman and Tang. However, 
fragments of Z 2 3 produced in pceripheral collisions, give evidence 
for anomalously shorter mean free path in the first few centimeters 
after their production. 
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ABSTRACT 
Recent advances in accelerator technology have made it possibl 
to accelerate nuclei much heavier than the proton to relativistic 
energies. Thus opening the study of nuclear matter to a new and 
exciting avenue of scientific enquiry - the study of relativistic 
heavy ion collisions. To help expand the boundaries of current know-
ledge in this field, and to understand the detailed nature of the 
collision process more fully, the present investigation is undertaken 
The present investigation is based on an experimental analysis of 
1250 inelastic collisions produced by 4.5 A GeV/c carbon nuclei in 
nuclear emulsion. 
In chapter I, the historical background of nucleus-nucleus 
collisions, their classification, some important results from cosmic 
rays and accelerators beams have been discussed. Some unusual pheno-
mena namely shock waves, quark-gluon plasma, etc. which are expected 
to occur in nucleus-nucleus collisions have also been discussed. 
Important theoretical models have been discussed to understand and 
to get some useful information regarding these collisions. 
In chapter II, the experimental techniques have been discussed 
Details of the emulsion stack used in present investigation, its 
scanning, classification of tracks, selection criteria, measurements 
of various parameters and charge identification of projectile fragmen 
are given. 
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In chapter III, the general characteristics of C-emulsion 
collisions at 4.5 A GeV/c have been studied. Multiplicity and angular 
distributions of charged secondary particles, such as shower, grey, 
black and heavy particles and correlations among them are discussed. 
The presented data are compared with corresponding results from colli-
sions of other projectiles. It is found that the average multiplicity 
of black particles <N]^ > does not depend on the mass of the projectile 
Whereas, the average multiplicity of grey particles <N > increases 
y 
with the mass of the p r o j e c t i l e and the dependence can be described 
by a r e l a t i o n of the type <N > = Const, A" .^ This r e s u l t can be 
explained on the basis of f i r e - b a l l model. The dependence of <N. > on 
N »^ <N >^ on N. and <N,> on N i s almost the same as in p-nucleus g s h h s 
c o l l i s i o n s . The average number of in te rac t ing nucleons of the projec-
t i l e i s found to be 6.95 + 0.24 in the present experiment and the 
mean m u l t i p l i c i t y of shower p a r t i c l e s per in t e rac t ing nucleon i s found 
14 
to be approximately the same as in p-emulsion and N-emulsion c o l l i -
s ions . The shape of the angular d i s t r i bu t i ons of shower, grey and 
black p a r t i c l e s does not depend on the mass of the p r o j e c t i l e , indica-
t ing tha t the p a r t i c l e production mechanism i s probably the same in 
p-nucleus and nucleus-nucleus c o l l i s i o n s . Moreover, the angular 
d i s t r i b u t i o n s of grey and black p a r t i c l e s do not show any s ign i f i can t 
peaks tha t could be a t t r i b u t e d to the shock wave phenomenon. 
12 In chapter IV, fragmentation c h a r a c t e r i s t i c s of C-nuclei in 
nuclear emulsion have been s tudied. M u l t i p l i c i t i e s of p r o j e c t i l e 
fragments of d i f ferent charges have been obtained in d i f f e r en t ensemble 
Ill 
of collisions. It is found that the average multiplicity of projectile 
fragments has a weak dependence on the mass of the target and increases 
with the mass of the projectile. The dependence of the type <N > = 
Const, A"" is found. Multiplicity distributions of projectile fragment 
have been studied and it is found that the production cross-section of 
12 
the reaction in which projectile C breaks up into two Z = 3 frag-
_2 
ments is 1.36x10 of the total inelastic cross-section. 
Our results on the multiplicities of fragments from the frag-
mentation of carbon nuclei in emulsion show that the factorization 
observed in electronic experiment for fragments emitted near 0° has 
a restricted region of applicability. It is broken in an emulsion 
experiment wherein the total cross-sections are measured. The depen-
dence of the average multiplicity of Z = 2 and Z 2 3 fragments on 
<N, >, which is a measure of target excitation and also a characteristic 
of impact parameter, is in agreement with the picture of smooth varia-
tion of projectile spectators with changing impact parameter. 
The projected angular distributions of fragments of charge 
Z = 1-5 have been studied. For a given charge, the distribution is 
independent of target mass, excepting Z = 2 fragments for which a 
weak dependence is observed. The observed a values are higher than 
those predicted by Lepore and Riddell. Further, the analysis also 
indicates that the limiting fragmentation observed by Greiner et al 
12 
for fragments from the fragmentation of C nuclei with energies 1.05 
and 2.1 A GeV is not valid for fragments from the fragmentation of 
•^ C^ with energy 3.7 A GeV. . 
IV 
Special attention has been paid to helium fragments. For this 
purpose events have been divided into different reaction channels, 
according to the number of helium fragments emitted and various chara-
cteristics of helium fragments have been studied in each channel. The 
correlation between the projectile and target breakup indicates that 
the mode of projectile breakup is almost independent of the target 
breakup, although a weak dependence of <Mu> on the degree of projec-
tile breakup cannot be ruled out. The dependence of average multi-
plicity of helium fragments with the degree of target breakup <N. > 
for different reaction channels indicates that 3 x He and 1 x He + F 
z 
channels represent pceripheral co l l i s i ons while 1 x He and 2 x He 
0 
channels represent more violent collisions. The dependence of the 
average angle of emission of helium fragments on <Nu^ > for different 
channels indicates that the average angle of emission is almost 
independent of N. . The analysis of angular distributions of helium 
fragments in different channels indicates that no correlation exists 
12 between nucleons in C projectile. This result is in agreement with 
Godlhaber model of nuclear fragmentation. 
The average transverse momentum <p.> of fragments of differen" 
12 
charges produced in collisions of C projectile with different target 
groups increases with target mass as well as with increase in charge 
of the projectile. Presence of high P. tail distorts the transverse 
momentum distribution of fragments. The fragmentation model describes 
the features of transverse momentum distributions only for P^ _< 500 
MeV/c. Values of nuclear Fermi momentum obtained in the present 
experiment are in agreement with that obtained in electron scattering 
experiment. The excitation energy observed is of the order of the 
binding energy per nucleon. This indicates that little energy transfer 
12 
takes place during the fragmentation of C-nuclei . S t a t i s t i c a l l y 
s ign i f i can t azimuthal cor re la t ions among fragments in the azimuthal 
plane indica te tha t the fragmenting nucleus gets a t ransverse momentum 
during the co l l i s i on process. The d i f f rac t ion d i ssoc ia t ion events 
12 4 
( C •> 3 He) are 2.08j< of the to t a l i n e l a s t i c c o l l i s ions . Study 
of such events indicates t ha t t h i s react ion goes through an intermedial 
Be s t a t e . 
Finally,, in chapter V, the interaction mean free path in nuclear 
emulsion of fragments of charge Z = 2 and Z _> 3 and its possible 
dependence on distance from the interaction vertex has been studied. 
For Z = 2 fragments the dependence has been studied by dividing the 
events into various categories depending upon the number of heavily 
ionizing particles, N. , and their angle of emission 0. For Z = 2 
fragments, no evidence is found for the anomalously short mean free 
path in the first few centimeters of the point of emission. Further, 
we do not find any evidence for the production of He + Be t^nary 
cluster system as recently suggested by Bayman and Tang. However, 
fragments of Z 2 3 produced in pseripheral collisions, give evidence 
for anomalously shorter mean free path in the first few centimeters 
after their production. 
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1»1 Introduction 
Discovery of heavy nuclei in primary cosmic rays in 1948 
provided an opportunity to study nucleus-nucleus tollisions for 
the first time (l). Early investigations were concerned mainly 
with the interaction mean free path and the fragmentation para-
meters as these data are required for estimating the adbundances 
of cosmic rays at their sources from their abundances at the top 
of atmosphere. Although some very interesting results were 
obtained (2-4), studies of nucleus-nucleus collisions were not 
pursued further because the wide spectrum of energies and masses 
of primary cosmic ray nuclei rendered a systematic study very 
difficult. 
Interest in the studies of nucleus-nucleus collisions was 
revived with the commissioning of heavy ion accelerators at 
Berkeley and Dubna in early seventies. At the same time, 
theoretical physicists were speculating that when nuclear matter 
was compressed to several times the normal nuclear density and 
was simultaneously heated, it might undergo a phase transition 
and a lot of exotic phenomena e.g. pion candensation, production 
of quark-gluon plasma etc. could occur (5-10). Conditions of 
high density and temperature could be produced during nucleus-
nucleus collisions at high energies. It is this possibility that 
makes the study of these collisions very interesting. 
During the last 15 years, a number of investigations have 
been carried out to search for the exotic phenomena. All these 
experiments gave negative results. But this does not mean that these 
phenomena do not occur. Perhaps we are not looking in the right 
direction. 
Availability of beams of relativistic nuclei also made it 
possible to study the fragmentation of nuclei in a systematic manner. 
A large number of e xperiments have been performed to study the mecha-
nism of nuclear fragmentation. Great progress has been made in our 
understanding of this phenomenon and results have been found that 
are intrinsically interesting and will also be valuable for planning 
new experiments at higher energies. In fact, projectile fragmentation 
has become a powerful ally in the production of neutron-rich isotopes. 
Before starting a detailed survey of nucleus-nucleus collisions, 
we make some general introductory remarks: In an ordinary nucleus, 
the density of nucleus is around y '>^0.16/fm . So that the close 
neighbour separation is'^2fm. This distance is much larger than the 
de-Broglie wave length of a nucleon moving at relativistic energy. 
Therefore, during nucleus-nucleus collisions at relativistic energies, 
the projectile nucleons can recognise the individuality of the target 
nucleons and vice versa. At these energies, the mean free path, X » 
of a nucleon moving through a nucleus of normal density approaches 
the free value /\ = l/( ?„ ^ NN)'^ 1^.6 fm, where ^NN is the nucleon-
nucleon interaction cross section, which is fairly constant at high 
energies. . This value of interaction mean free path is smaller than 
1/3 
the nuclear radius, R.c:il.2 A ' fm. Furthermore, the differential 
cross section grows predominantly forward peaked. Consequently, 
an incident high energy nucleon will experience several collisions 
with the target nucleus while tending to preserve its forward motion. 
1.2 Classification of Nucleus-Nucleus Collisions 
It is possible to understand the features of high energy 
nucleus-nucleus collisions on a simple conceptual basis in which the 
colliding nuclei are pictured as two clouds of individual nucleons 
propagating through each other, with the nucleons suffering sequential 
hard collisions with those of the other nucleus (Fig. 1.1). Although 
this geometrical picture is very simplistic, it serves to introduce 
some concepts that have been proved very useful in discussing various 
characteristics of nucleus-nucleus collisions. For example, the 
concept of participants and spectators follows naturally from this 
picture. Nucleons in the overlap region between projectile and 
target nuclei constitute the participants whereas the nucleons 
involved in the non-overlap region of the projectile and target are 
respectively called the projectile spectators and target spectators. 
The volumes of projectile and target spectators and participant 
regions for a given pair of projectile and target depend upon the 
impact parameter b. When the impact parameter is large, the overlap 
volume, i.e. participant volume is very small, only a few nucleons 
leave the projectile or the target and large slightly excited projec-
tile and target fragments remain. This type of collision is called 
the peripheral collision. In a peripheral collision, the projectile 
and target spectators suffer only a little disturbance and therefore 
• • 
Projectile / • , • • • * \ 
D ( , ^ n 0 O N \ • • • • / 
Target 
• o = Nucieon 
• = Pion Target \ / " 
spectator • v o / 
After ^-» > , / 
f ^ Projectile 
n !• • , / •* spectator Participant ' 
Fig, I'l Part icipant-spectator separation expected in 
high energy nucleus-nucleus col l is ions 
emerge with rapidities close to those of projectile and target, Y 
and Yj. The spectators decay mainly into large fragments. 
Since the projectile and target spectators are characterized 
with the neutron to proton ratio associated with respectively the 
projectile and target, the resulting fragments tend to carry the 
same ratio and thus ordinarily be excessively neutron-rich for their 
mass. This special feature of high energy collisions has been turned 
into a powerful mean of producing neutron-rich isotopes far from the 
stability line (11,12). 
When the impact parameter is small, the target and projectile 
overlap completely. This type of collision is called the central 
collision. During a central collision, the nucleons suffer hard 
collisions and some of them could be excited to A - resonances, 
producing pions. 
1.3 Results from Cosmic Rays Experiments 
After the discovery of heavy nuclei by Freier et al (l), 
Bradt and Peters performed a number of experiments to study the 
collisions of relativistic nuclei observed in cosmic rays. The 
results of these experiments were published in a series of papers (l3), 
wherein one was introduced to the concept of peripheral and central 
collisions for the first time. In a peripheral collision, as already 
mentioned, the part of the projectile that overlaps the target is 
sheared off, the remaining part of the projectile proceeds with its 
original velocity and breaks up into a number of fragments in the 
laboratory system. These fragments l i e in a narrow forward cone and 
have v e l o c i t i e s approximately equal to the ve loc i ty of the p r o j e c t i l e . 
The remaining pa r t of the t a rge t decays into low energy heavy-ionizing 
p a r t i c l e s or fragments. 
Bradt and Peters (13) introduced the following semi-empirical 
expression for the reac t ion cross-sec t ion of the p ro j ec t i l e and t a rge t 
nuclei 
a =itr^ ( A p + A^^ - 6 ) , ( l . l ) 
where Ap and A-. are the mass numbers of the projectile and target 
respectively, ^ is the overlap parameter which represents the diffuse-
ness and partial transparency of the nuclear surface. 
Cleghorn et al (l4) carried out a systematic study of the mean 
free paths and fragmentation parameters for nuclei with 2 <_ Z ^  26 in 
emulsion and reached the following conclusions: (a) Equation (l.l) 
accounts for the measured mean free path data to an accuracy of about 
10-15;^  for r = 1.2 fm and 6 = 0.5 (b) The reaction cross sections 
of nuclei are independent of energy from 0.1-30 A GeV. (c) The 
fragmentation parameter P^ 4» the average number of i-type nuclei 
produced in the fragmentation of a j-type projectile are also consis-
tent with energy independence over this energy range, 
Eisenberg (15) refined the Bradt-Peters black sphere approach, 
proposing a grey-sphere model. Using a mean free path of A = 5 fm 
of a nucleon in nuclear matter of uniform density, he found a 25yi 
reduction of the geometric cross-section due to transparency for 
Ap = 25 and A- = 64; for A^ = 207, the reduction was 16>i . 
Despite the low flux and uncertainties in the determination 
of charge, mass and energy, experimental studies of nucleus-nucleus 
collisions using cosmic rays revealed some interesting features of 
high energy collisions of nuclei. Early experiments were concerned 
with meson production by a-particle and heavy nuclei. Investigations 
by Jain et al (i6) [a-particles and nuclei Z 2 6, 7 <, E <. 100 A GeV], 
Alexander and Yekutieli (17) [3 ^  Z £ 8, E 2 1«5 A GeV], Tsuzuki (18) 
[6 ^  Z <. 8, E»40 A GeV], Rybicki (l9) [Z 2 3, E 2 100 A GeV], Abraham 
et al (20) [Z 2 2, E 2 1000 A GeV] and Andersson et al (21) [3 < Z < 
26, E 2 1»7 A GeV] are representative studies of shower particle 
production in cosmic-ray heavy nuclei collisions in the energy range 
(1-1000) A GeV. 
Figure 1.2 shows the angular distributions of shower particles 
produced in collisions of cosmic ray nuclei with 3 <, Z <, 26 at energy 
greater than 1.7 A GeV with emulsion nuclei (21). The main feature 
of these distributions is that they are composed of two components; 
first, protons from the fragmentation of projectile, confined to a 
narrow cone and second, protons and pions have a wider distribution. 
Figure 1.2(a) shows the angular distribution of shower particles in 
the angular range 0*^  < 6igu 1 80° and fig. 1.2(b) gives a more 
detailed presentation at smaller angles 0° <_ 6i gh - ^^^* "^^^ curve 
shows calculated angular distributions for pions, assumed isotropic 
in the nucleon-nucleon centre-of-mass system. 
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The results of the experiments described above were in quali-
tative agreement with the hypothesis that the nucleus-nucleus colli-
sions could be described as a superposition of independent nucleon-
nucleon (16,17,19,20), nucleon-nucleus (21) or a-a (l8) collisions. 
However, the following descrepancies remained. 
(i) The recoil velocity, p2*0.02, of the residual target nucleus, 
as evident from the forward-backward ration* 1.14 for black 
particles, is almost independent of the mass of the projectile 
(17,21-24). 
(ii) The average multiplicities, the angular distribution and energy 
distribution of heavily ionized particles are nearly the same 
for incident protons and heavy nuclei (22). 
(iii) For E > 1.7 A GeV, the mean multiplicity of pions <N_.> 
increases with energy and mass of the projectile whereas the 
mean multiplicity of heavily ionizing particles <N. > is nearly 
independent of these quantities (22). 
(iv) Departure of the characteristics of nucleus-nucleus collisions 
from the characteristics of nucleon-nucleus collisions increases 
as Nu increases, becoming most evident for collisions with 
H. 2 ^S '^f^^ ^ 0^ central collisions with 7 <_ N. £ 28 and no 
Z 2 2 projectile fragment produced (25,26). 
Considering the limited control over experimental conditions 
and low statistics, precise understanding of the complex collisions 
of high energy nuclei could not be expected from cosmic ray experiments. 
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However, cosmic ray results have given us a preview of the physics 
of collisions between relativistic nuclei. In the following section 
attention will be focussed on the results obtained in experiments 
using beams of nuclei from heavy ion accelerators. 
1.4 Results on Nucleus-Nucleus Collisions from Experiments Using 
Beams of Nuclei from Accelerators 
Availability of beams of relativistic nuclei from accelerators 
ushered in a new field of study for physicists, relativistic heavy ion 
collisions. During the last fifteen years a number of investigations 
have been performed to study these collisions. There were two main 
aims of these investigations: First, to study the fragmentation 
characteristics of nuclei and second, to search for new exotic pheno-
mena which are expected to occur under conditions of high density and 
temperature. Fragmentation characteristics of nuclei are best studied 
through peripheral collisions in which there is little transfer of 
energy and momentum between the colliding nuclei whereas the search 
for exotic phenomena is carried out through central collisions in 
which the transfer of energy and momentum between the colliding nuclei 
is large and almost whole projectile and target nuclei take part in 
the collision. 
1.4.1 Nuclear Fragmentation 
Information about the projectile and target fragmentations 
comes from the single particle inclusive experiments. In these 
11 
experiments the process studied is, B + T > F + X, where B and 
T represent the projectile and target nuclei, F is the single 
detected fragment and X refers to all other undetected particles. 
When the energy of the projectile is high,i.e. 1-4 A GeV, the 
separation between the projectile and target fragmentation regions 
is more than one unit of rapidity. With this separation, the two 
regions can be thought of as independent. Thus one is free to 
study the fragmentation process of either projectile or target, the 
choice depending upon the experimental technique. The projectile 
fragments tend to be fast, forward going fragments, whereas target 
fragments are generally of low energy in the laboratory frame. 
An important aspect of these experiments is the possibility 
of interpreting the data in terms of high energy concepts of limiting 
fragmentation and factorization (27,28). The limiting fragmentation 
means that a distribution of products with finite energies in the 
rest frame of projectile or target approaches a limiting form as the 
bombarding energy increases. Whereas factorization means that the 
cross-sections for the production of a particular projectile fragment 
may be written as a^j = YD Y-rj where YD depends only upon the 
beam and fragment nuclei and Y-T depends upon target nucleus. 
Obviously the role of projectile and target may be interchanged to 
describe the target fragmentation. In the language of nuclear 
physics, both these concepts are examples of Bohr's independence 
hypothesis for decay products of a compound nucleus (29). This 
amounts to the statement that the object emitting fragments keeps 
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little or no memory of the formation or excitation mechanism that 
produced it. However, factorization seems to hold only for products 
of peripheral collisions and in particular is not valid for total 
cross-sections. 
Inclusive single particle reactions have been investigated 
by many workers (30-32). They bombarded targets of Be, CHp, C, Al, 
Cu, Ag and Pb with """^C nuclei at 1.05 and 2.1 A GeV and "'" 0 nuclei 
1 /: 
at 2.1 A GeV. For 0 projectile, fragments with 1 < Z^ < 8, 
— f — 
12 1 <_ Ap £ 15 were analyzed, for C projectile, 1 1 Zp <. 7 and 
1 ^ Ap £ 12. All fragment momentum distributions of P, and P.,, 
measured in the projectile rest frame, exhibit a striking similarity; 
they peak at a P little less than zero and have a Gaussian shape, 
^ a exp [ -(P V'^'' ] • U-2) 
2ap 
Figure 1.3 shows the P,, distribution of Be fragments from 
1 o 
C (31). The mean longitudinal momentum is <Pii> = - 30 MeV/c. 
This shows that the fragments are on the average little slower 
than the projectile. The widths of the distributions are measured 
by the standard deviation a(P,,). With the exception of Z = 1 
fragment, the Gaussian distribution fits satisfactorily. The 
distributions of logitudinal and transverse momenta for a given 
fragment agree with each other within 10^, indicating isotropic 
emission in the projectile rest frame. Further, no dependence on 
target mass above ^yi level for cj(P,,) and above 10>< level for <Pii> 
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Fig.1-3 The distribution of longitudinal momentum 
m the projectile rest frame of Be fragments 
12 produced by a C beam of 2.1 A GeV on a 
Be target. The curve shown is the best fit 
Gaussian distribution, with mean momentum 
<?,-,> and standard deviation <?(Pii) (31), 
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was found. Moreover, no change in these values was observed in 
the energy range 1.05 - 2.1 A GeV. This result is compatible with 
the hypothesis of limiting fragmentation. Heckman et al (30) and 
Bhanja et al (33) also studied the fragmentation of relativistic 
nuclei. Their results are also in agreement with the limiting 
fragmentation hypothesis. 
The variation of the width cf(P,,) of the longitudinal 
distribution with fragment mass and charge, resulting from 0 
fragmentation, is shown in fig. 1.4 (31). The fragment charge is 
used as plotting symbol. The broadest distributions are observed 
for 8 .< Ap .< 10, 3 ,< Zp ^  5, i.e. for fragments that carry about 
half of the projectile nucleons. Therefore, it appears plausible 
that highest momentum transfer should take place in such events. 
The mass dependence can be parametrized by the following relation: 
o 1/2 
a(Pj,^ ,B,F) = a^ [4 Ap(A3 - Ap)^^] , (1.3) 
where Ag and Ap are the mass numbers of the projectile and 
fragment, respectively and a is a fitted parameter. The above 
parabolic function describes the over all trends of the widths, 
but several data points deviate significantly from it. It has 
been speculated that the parabolic shape may incorporate average 
quantities of projectile and fragments. In fact a parabolic 
dependence of <^ (Pii) on fragment mass of the form a (P,,)a Ap(An-A 
was predicted by Wenzel, 1973 (34), Lepore and Riddell, 1974 (35), 
and indirectly by Feshbach and Huang, 1973 (29) as extended by 
15 
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F i g . )-4 The v a r i a t i o n of the l o n g i t u d i n a l momentum 
d i s t r i b u t i o n widths C^(PTI]) with fragment mass 
and charge observed by Greiner e t al (31) in 1 c 
the study of 0 fragmentation a t 2.1 A GeV. 
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Goldhaber, 1974 (36). The parabolic shape arises when it is 
assumed (a) that the fragment momentum distributions are essentially 
those in the projectile nucleus and (b) that there are no correla-
tions between the momenta of different nucleons. 
In the Goldhaber model (36), the experimentally observed 
value of a is related to the Fermi momentum P^ of the projec-
tile nucleus by P^ = 20 a (Ag - 1)/Ag and, if it is assumed 
that the thermal equilibrium is reached within the fragmenting 
nucleus, a can also be related to the excitation energy per 
nucleon in the projectile, 6 = 4o^/m AQ, where m„ is the nucleon 
"^  o' n B n 
1 /•> 1 /: 
mass. For "'"C and 0 nuclei, Griener et al (31) obtained values 
of Fermi momentum that are in agreement with those obtained by 
Moniz et al (37) in their electron scattering experiment. The 
estimated values of the excitation energy per nucleon are of the 
order of binding energy per nucleon, indicating that very small 
incident energy is transferred into excitation energy. A similar 
\ 14 
result has been obtained by Bhanja et al (33) for N nuclei. On 
the other hand, Chernov et al (38) who studied the fragmentation 
of Fe nuclei at 2.1 A GeV, obtained very high values of the 
Fermi momentum. 
1.4.2 Isotope Production Cross-Sections 
The main feature of the isotope production cross-sections 
from the fragmentation of relativistic nuclei at energy 1.05 - 2.1 
A GeV, is that they are independent of energy and are factorable 
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(30,32,39-41). Lindstrom et al (32) carried out a systematic study 
•JO "I A 
of the fragmentation cross-sec t ions of C and 0 nucle i a t energy 
1.05 and 2.1 A GeV for fragments with l / 3 £ Z/A <. 1 for t a rge t s H 
to Pb. An analysis of the data on the measured c ross -sec t ions 
leads to the following conclusions: 
(a) On- is energy independent for a l l fragments. 
(b) The fragmentation cross-sec t ion can be factor ized according 
1- TT "P 
to (JQJ = YD Y-r» where YD is a function of projectile and 
fragments and YT, the target factor is a function of 
target. 
(c) A target factor YX « K- accounts for the data. However, 
in emulsion experiments where the total fragmentation cross-
sections are measured, the exact factorization is found to 
be invalid. Further, exceptions to factorization have been 
observed for fragmentation reactions in hydrogen where YT 
exhibits a weak dependence on the mass of the fragment, 
in helium and for heavy targets. 
In the next section we shall discuss some features of 
nucleus-nucleus collisions which although not entirely due to 
peripheral collisions nevertheless can be thought of in that 
category. 
1.4.3 Nucleus-Nucleus Total Cross-Sections 
Jaros et al (42) have made measurements of nucleus-nucleus 
4 12 total cross-sections fox beams of p, d. He, C on light targets 
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a t energy 0.87 and 2.1 A GeV. The to ta l c ross -sec t ions a t 2 .1 A GeV 
for indent ica l t a rge t and p r o j e c t i l e masses are shown in f i g . ( 1 . 5 ) . 
Glauber mult iple sca t te r ing theory has been used to pred ic t nucleon-
nucleus t o t a l c ross-sec t ions in the few GeV range. The theory has 
been extended to nucleus-nucleus co l l i s ions and used to p red ic t the 
t o t a l and i n e l a s t i c c ross - sec t ions . The theory is e s s e n t i a l l y a 
1/3 1/3 2 
geometrical one and predicts that a^ a (Aj + Ag' ) . Thus Glauber 
2/3 
theory predicts that a^ a A . Another possible A dependence of 
a^ would be factorization form, O^CAA) = a^ (pA)/0^(pp) (42). The 
data presented in fig. 1.5 seem to be in excellent agreement with 
the Glauber theory predictions for all the data points except the 
CC point which lies slightly below the Glauber theory prediction. 
4 12 
Reaction cross-sections On for projectile nuclei He, C, 
14 16 40 , \ 
N, 0 and Ar have been measured at ^  2.0 A GeV (43-46) and 
at 0.15 - 0.2 A GeV (47) in emulsion and for a variety of target 
materials, H through U, with a tungsten scintillator calorimeter 
(48) and an elemental transmission detector-telescope system (49). 
These techniques are sensitive only to collisions that involve changes 
in the charge Z of the projectile, i.e. A Z 2 !• Within their 
respective errors, the mean free path lengths in emulsion are consis-
tent with energy independence down to 0.15 A GeV (47). The value of 
an measured by Lindstrom et al (49) for C, 0 and Ar at energy 
« 2 A GeV gave the first experimental evidence that the overlap 
parameter in the Bradt-Peters relation (l.l) is not constant, but 
depends upon A . = min (A^ or An). 
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1.5 Search for Exotic Phenomena 
Search for the exotic phenomena which are expected to occur 
during the course of a nuclear collision is very difficult. Because 
assuming that these phenomena do occur during a stage of high compre-
ssion, it is not clear how such effects are manifested in the final 
distribution of collision products. However, there are many systems 
in nature where microscopic descriptions, such as the one described 
above, are unnecessarily cumbersome. For example, in studying the 
behaviour of gasses, one does not need to follow the fate of individual 
gas molecules in order to know how a gas behaves under variation of 
pressure and temperature. One only needs to know the macroscopic 
equation of state. A similar approach has been followed to study the 
behaviour of nuclear matter under extreme conditions of high density 
and temperature and it has been speculated theoretically that many 
interesting phenomena, e.g. pion condensation (7,50), production of 
abnormal nuclear matter (51,52) and quark-gluon plasma (9,53), etc. 
might occur. Matter at high density and temperature is a new domain ir 
physics, since untill now we were restricted to the region of densities 
around 0 r^ 0.16/fm and temperature upto 10-20 MeV, 
1.5,1 Density 
Many attempts have been made to deduce the density and tempe-
rature of interaction region in order to assess the compression of 
nuclear matter during the course of a collision. The density of 
nuclear matter during a nucleus-nucleus collision can be estimated 
using the relation P = nv,/V, where X!L, is the multiplicity of nucleor 
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emitted from the interaction region of volume V. m^ , can be easily 
measured. However, measurement of interaction volume is difficult. 
Recently nn/pp interferometry has been used to determine the source 
volume (54,55). The method is similar to YY interferometry which 
is used for the determination of stellar radii. For Ar + Kcl colli-
sions at 1.8 A GeV, the density estimated is --^  2 y when the system 
was probed by protons and ^ 0.6 Q when it was probed by pions (56). 
This difference in the estimated densities of the source volume appears 
reasonable since pions probe the coldest and thus the most expanded 
low density stage of collision. In this regard future measurements 
+ + 
of K K interferometry in coincidence with ni, would be interesting 
for probing the density at the initial hot stage of collision. 
1,5.2 Pion Multiplicity 
Measurements on pions yield valuable information on the dynamics 
of the collision because they are created particles unlike nucleons 
which are merely liberated. This information is useful in ascertaining 
whether there are new and abnormal states of nuclear matter being 
created in nucleus-nucleus collisions. Measurements of pion multipli-
city have been performed extensively using the streamer chamber (57-59) 
The average pion multiplicity has also been measured using the magnetic 
spectrometer (60). At present there is no anomalous signal in these 
pion measurements which could provide conclusive evidence for the 
existence of exotic phenomena. However, there is clearly evidence 
that hot systems are being created. 
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1.5.3 Quark-Gluon Plasma 
When nuclear matter is compressed to a very high density and/or 
heated to a high temperature, its hadronic constituents may be compre-
ssed so tightly that they overlap. Under such a condition, the quarks 
in different hadrons begin to be freely exchanged and the nuclear matte 
may undergo a phase transition to quark-gluon plasma (QGP). As an 
experimental signature of this phenomenon, it has been suggested that 
the QGP must expand and cool before detectable nucleons can be radiated 
Therefore, the temperature of the characteristic spectra from the 
collision of two heavy nuclei should exhibit a limiting behaviour as 
a function of bombarding energy. However, it has been argued by 
Domokos and Goldman (61) that the observed final state which represents 
the entire history of the collision will not have any memory of the 
initial hot stage of the collision in which the QGP would be found. 
Instead, the authors suggested that lepton pairs produced by quark-
antiquark annihilation might provide a signature for the QGP. If the 
QGP is produced, the rate of inclusive lepton production is estimated 
to increase perhaps by an order of magnitude. 
1.6 Shock waves 
Another interesting phenomenon that occurs during nucleus-
nucleus collisions at high energies is the production of shocked 
nuclear matter (62-64). At relativistic velocities the speed at 
which the projectile nucleus traverses the target may exceed the speed 
of sound in nuclear matter. If so, formation of shock fronts might 
result, similar to the macroscopic shock fronts one observes, although 
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complicated by the finite nuclear geometry. As a consequence, the 
double differential scattering cross-section for charged particle 
emission would exhibit a transverse peaking as a function of scattering 
angle (65). This angular peaking could be quite broad due to Fermi 
motion, final state interactions and the scattering of nucleons outside 
the shocked region. The behaviour of the double differential scattering 
cross-section as a function of bombarding energy could thus be used 
to determine the compressibility of nuclear matter. The observations 
of shock waves would consequently yield valuable informations about 
the nuclear equation of state. 
Baumgardt et al (66) bombarded AgCl crystal with relativistic 
0 and C nuclei. They observed narrow forward peaking in the prong 
angle distribution (da/dO). The prong analysed were due mostly to 
protons with E < 30 MeV and to the fragments with energy E < 200 MeV 
per nucleon. These distributions are shown in fig. 1.6 , Angular 
distributions obtained after substracting the evaporation background 
are shown in the right hand side of the figure. The position of peak 
shifts systematically with the incident projectile energy. In an 
experiment with Lexan detectors, Crawford et al; 1975 (67) investigated 
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the fragments with ^ 1 Z _< 9 resulting from interactions of C with 
Au at 2.1 A GeV. The angular distributions of fragments with energies 
between 10 and 70 MeV per nucleon do not exhibit narrow forward peaks 
but are highly anisotropic. In many emulsion experiments (68-71), 
angular distributions of heavily ionising particles have been studied. 
No peaks that could be attributed to the shock wave phenomenon were 
observed. 
24 
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Fig. 1-6 Prong angle histograms, do/oG, for events with 
heavy prong multiplicity N, > 3 observed in AgCl 
crystal detectors bombarded with 0 of 2.1 and 
0.87 A GeV, and ^^C of 0.25 A GeV (66). 
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1,7 Theoretical Models of Nucleus-Nucleus Collisions 
Many theoretical models have been proposed time to time to 
describe the mechanism of nucleus-nucleus collisions. Different 
models describe the different aspects of the collisions. In this 
section we shall describe some of these models briefly. 
1.7.1 Nuclear Fireball Model 
The nuclear fireball model (72-75) is a two step model and is 
based on the following three assumptions: 
(i) In a given collision it is assumed that the nucleons from the 
parts of the target and projectile which overlaped form a 
system called the participant region. 
(ii) The participant region becomes completely thermalized and it 
has the properties of an ideal gas. It could therefore be 
characterized by a temperature T, which for the non-relati-
vistic case is given by KT = -^  n(l-n)6 t, where n is the 
total number of participant nucleons from the projectile and 
target and € is the kinetic energy per nucleon of the projectii 
nucleus. In the laboratory frame the fireball must move with 
a velocity p in order to conserve momentum. 
(iii) Since there is no containing pressure, the fireball freely 
expands. This leads to a momentum distribution in its center 
of mass which non-relativistical ly is the Maxwell Boltzman 
distribution. 
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Figure 1.7 shows the geometry charac ter iz ing the nuclear 
f i r e b a l l model, which represents the clean cut separation of nucleons 
into specta tor and p a r t i c i p a n t . This model does not deal with the 
specta tor remnants, but ra ther with the decay of the f i r e b a l l i t s e l f . 
I t may be expected to pred ic t cor rec t ly the average proton m u l t i p l i c i t y , 
the proton inclus ive energy spectra and the proton inclus ive angular 
d i s t r i bu t ions which wi l l be observed in a co l l i s i on between two heavy 
nuclei a t high energy. The p r o j e c t i l e and the t a rge t nuclei are viewed 
as spheres of uniform density with radius 
R^cri 1.2 A y ^ fm, (1.4) 
where A. is the atomic mass and i = t,p refers to the target and 
projectile respectively. The number of participant nucleons from the 
target, N. and the projectile, N may be calculated as a function X p 
of impact parameter as (76) 
^t ^p 
N(b) = N (b) + N (b) , (1.5) 
t p 
where Z. i s the atomic number. Using the r e l a t i v i s t i c kinematics 
i t i s r ead i ly shown tha t the center of mass ve loc i ty of the f i r e b a l l 
i s 
f'lab V ' ^ [ t p ( t p + 2m' ) ] l /2 
p = = — , (1.6) 
^lab [Np(b) + N^(b)] m' + Np(b)tp 
where t denotes the incident kinetic energy per nucleon of the 
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projectile and m' is the mass of the bound nucleon, taken to be 
931 MeV. Similarly, by the conservation of four momentum, the total 
energy in the center of mass of the fireball is given by 
^cm = t^ '^ pO^ ) + N^(b))^ m'^ + 2 Np(b) N^(b) m'tp]^^ (1.7) 
Consequently, the available center of mass kinetic energy per nucleon 
is 
E (b) 
* cm^  ' 
E (b) = - m, (1.8) 
N^(b) + Np(b) 
where m is the mass of free nucleon (939 MeV). If the number of 
degrees of freedom in the fireball is high enough, and the time 
required to randomize the available kinetic energy per nucleon is short 
compared to the collision time, a description in terms of equilibrium 
thermodynamics is appropriate. 
The temperature of the fireball T(b) can be calculated from 
the assumption of thermodynamic equilibrium between nucleons and pions, 
and generally depends on the volume of the fireball. The volume, V(b) 
is not constant. Since the kinetic energy per nucleon in the fireball 
is much greater than the binding energy per nucleon, it expands iso-
tropically in its own center of mass. Expansion continues until a 
'freeze out' or critical density ^ is reached, below which pion 
production stops, and nucleons cease to interact. Using the freeze out 
density 0 as a variable parameter, Kapusta (75) has estimated that 
P = ? /3, where Q = 0.17/fm^. In this case the volume of the 
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fireball at the critical density is given by 
N(b) 
V(b) = -TT- (1.9) 
and the temperature at the freeze out density may be calculated from 
the approximate relation (75,77) 
T(b) = TQ[1 - exp (2E*(b)/T^)], (l.lO) 
where T^ ^  92 MeV. 
0 
The nuclear fireball model is some what unsatisfying in that 
the assumption of thermalization is very adhoc and no macroscopic 
description of how the thermalization occurs is offered. 
1.7.2 Nuclear Firestreak Model 
The nuclear firestreak model was proposed by Myers (78). This 
model is nothing but the generalization of nuclear fireball model. It 
explicitly includes chemical equilibrium among the hadronic species as 
well as thermal equilibrium. In this model the collision region is 
broken up into tubes (Fig. 1.8). A tube in A will fuse with the 
corresponding tube in B and form a 'firestreak'. Thus one needs to 
calculate at every impact parameter the energy available for thermali-
zation in each tube individually. The velocity of the streak in the 
laboratory system as well as intensive thermodynamic properties (tempe-
rature, chemical potential) depend only on n = N^/(N^ + Ng), where N^ 
and Ng are the number of particles in each tube. 
30 
Schematic illustration showing a nucleus-nucleus 
collision according to the firestreak model. 
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Production of pions and light composite fragments as well as 
the production of protons can be described by this model. Additionally, 
this model allows for a diffuse nuclear surface, replacing the more 
drastic sharp sphere, clean cut geometry of the fireball model. A 
central collision between two relativistic heavy nuclei is still 
viewed as a two stage process. However, the projectile and target 
nuclei are divided into infinitesimal streaks parallel to the relative 
motion of colliding nuclei. The reaction takes place by the collision 
of projectile and target streaks, and forms a small fireball character-
ized by a center of mass velocity, p., mass m., and temperature T., 
which are determined by the relative amount of matter r\. contributed 
by the projectile streak. The kinematic relations used to describe 
the collision of two streaks in this model are very similar to those 
used in the fireball model. For this model, the center of mass velocity 
would be 
rii[tp(tp + 2m')] 1/2 
m' + n. tp 
where t denotes tt\e kinetic energy per nucleon of the projectile, 
m' is the mass of a free nucleon. Equation (l.ll) is equivalent to 
the equation observed in the case of nuclear fireball model for the 
center of mass velocity. 
The nuclear matter in each case is treated as a thermodynamic 
system in chemical equilibrium. In this manner momentum distribution 
of pions, nucleons and light composite fragments can be calculated. 
As a natural consequence of the firestreak geometry, there exists a 
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temperature gradient across the fireball. Furthermore, in this model 
angular momentum is conserved whereas in the case of nuclear fireball 
model it is not. The only free parameter in this model is the freeze 
out density below which the hadrons stop interacting. The range of 
this model is limited. It is not expected to work at very low 
energies, where the whole target and projectile may combine and 
subsequently decay. At extremely high energies the target may become 
partially transparent to the projectile due to the fall off of the 
nucleon-nucleon cross-section. 
1.7.3 Hydrodynamical Model 
This model was proposed by Chapline et al (79) in 1973 to 
describe nucleus-nucleus collisions and is also known as the nuclear 
fluid dynamics model. Other such models for the heavy ions collisions 
have been discussed in references 80-84 , The nuclear fluid dynamics 
model is'Categorised as one and two fluid dynamics model. There are 
minor differences in these two models. In one-fluid dynamics model, 
when the target and projectile nuclei collide, they instantaneously 
merge, coming to equilibrium as a drop of nuclear fluid whose subse-
quent evolution in time is governed by standard laws of hydrodynamics. 
The adjustable parameters in this model are associated primarily with 
nuclear equation of state, which may be regarded as known quantity to 
be determined from comparison with experimental data. It is obtained 
from a Thomas-Fermi treatment of the effective two nucleon interactior 
that consists of an attractive Yukawa function multiplied by a quad-
ratic momentum dependent term (85). This leads to a rest frame energy 
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per nucleon, 4: /n of the form 
6/n = m^ + a(n/n^)2/3 - b(n/n^) + c(n/n^)^/^ + l/n, (1.12) 
where m^ is the nucleon rest mass, n = 3/{4iir ) is the equili-
0 ' 0 0 ^ 
brium value of n, l/n is the rest frame internal (heat) energy 
per nucleon. The pressure p is obtained from the relation 
p = n^<^(E/n)/ (^ nlg (1.13) 
with differentiation at constant entropy S. Equation (1.12) is 
called the semi-empirical equation of state. Using this equation 
one obtains a speed of sound in nuclear matter which is greater than 
the speed of light if the rest frame density increases to more than 
5,32 times of its equilibrium value. This is physically impossible, 
which indicates that the expression currently in use does not describe 
high density nuclear matter very well and will have to be modified in 
future (86) . 
The validity of one-fluid dynamics model is based on: 
(a) a large number of degrees of freedom, (b) sufficient time for 
local equilibrium, and (c) either a large interaction or small bombar-
ding energy. Assumption first is adequately satisfied since the 
number of nucleons involved in central collisions is generally large 
('--'200) compared to unity. The second condition is marginally 
-23 
satisfied. At relativistic energies the collision time isciS x 10 
seconds. Since two adjacent nucleons can exchange a pion in about 
-24 
one tenth the time {^^ x 10 seconds), it is not unreasonable to 
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assume that some degree of local equilibrium is achieved. The third 
assumption ensures that the two nuclei merge instantaneously to form 
a single fluid, which is valid for energy <_ 0.5 A GeV, but not 
satisfied for high energy central collisions (80). 
As we have seen that the one-fluid dynamics model does not 
describe central collisions between two heavy nuclei at high energy. 
Amsden et al (87) developed the two-fluid dynamics model, which is 
quite similar to one-fluid dynamics model. The major difference is 
that the calculation proceeds for separate target and projectile 
nuclear fluids. At high relative velocity, the projectile and target 
fluids deposite only a limited fraction of their energy and momentum 
within each other, whereas at low relative velocities the two fluid 
merge, and one-fluid model is recovered. The relative velocity of 
two fluids must be large compared to the Fermi velocity ('^ 0.27 c) 
of the nucleons within them in order for the two-fluid model to be 
valid. If this condition is not satisfied, the interaction strength 
between the two fluids will be underestimated. It is also assumed 
that the strength of the coupling is independent of the excitation 
of either of the fluids. 
The accuracy with which the two-fluid model describes the 
experimental data therefore increases as we go to heavier projectile 
and increase the bombarding energy. This is probably due to the fact 
that heavier projectile has more degrees of freedom, and smaller 
surface region compared to the volume region, and deposits a large 
total kinetic energy and momentum than a lighter projectile. 
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1.7.4 Intranuclear Cascade Model 
The intranuclear cascade model (INCM) (88-93) assumes that the 
high energy collision between two heavy ions proceeds through a sequer, 
of two body collisions between the constituents of the two ions and it 
treats these collision classically: 
(i) The exact position and momentum of all constitutents are assume 
to be known at all times. 
(ii) The collisions are calculated neglecting any possible phase 
relationship to previous or following collisions. 
The two body collisions are governed by free space cross-sectior 
The Pauli Principle is taken into account in an approximate way. Even 
though in most versions of the model, the Fermi sea nucleons are assume 
to be bound in the nucleus by the central potential. The effect of the 
mean field on the dynamics of the reaction is generally neglected and 
the nucleons advance in straight trajectories between any two colli-
sions. All collisions among the target nucleons and among the projec-
tile nucleons are neglected. Because of the straight line geometry the 
participants are divided into rows of nucleons, all oriented along the 
beam direction as shovm in fig. 1.9. For each impact parameter, 
corresponding rows interact with each other,i.e. nucleons of a projec-
tile row are scattered only by those nucleons of the target row that 
lie in the same straight line. 
For these approximations to be valid, the mean free path, 
A= ( f . ol^ ) , between any two collisions of the constituent 
particles must be large compared with wave length of these particles 
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Fig.1'9 Schematic illustration showlna a 
nucleus-nucleus colUsi, ^ 
to the one dimensional cascade model. according 
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h/p and compared with the range of the nuclear force, dcs-h/m c. Undei 
these conditions, the assumption that the scattering amplitude of the 
particle has reached its asymptotic value before the next collision, 
and hence the neglect of interference between any two collisions may 
be justified. Similarly multiparticle collisions may also be neglecte 
The difference between the intranuclear cascade model and the other 
models is that thermodynamic equilibrium is not assumed to occur durin 
the collision. In fact the average number of collisions per nucleon 
is estimated to be relatively small. 
1.7.5 Collective Tube Model 
This model was proposed for the particle-nucleus collisions at 
high energy (94-96). Afek et al (97) have generalized this model for 
the nucleus-nucleus collisions at high energy. According to this mode] 
the colliding nuclei are divided into parallel nuclear tubes of cross-
section a lying along the beam direction. It is further assumed 
that a nucleus-nucleus collision consists of all tube collisions that 
occur during the nucleus-nucleus collision and that all the tube-tube 
collisions contribute incoherently to the nuclear cross-section. The 
type and number of such tube-tube collisions depend on the colliding 
nuclei, on the impact parameter and on the tube cross-section. Due to 
Lorentz contraction, in the center of mass system the colliding tubes 
look like narrow disks and the tube-tube collisions do not look diff-
erent from ordinary particle-particle collisions. If there are i 
nucleons in the incident tube and j nucleons in the target tube, the 
square of the center of mass energy for this collision is given by 
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S. .~: 2 ij m p, . , (1.14) 
where p, , is the laboratory momentum per nucleon of the incident 
nucleus. It is also assumed that in the respective center of mass 
systems the tube-tube collisions resemble nucleon-nucleon collisions 
at the same center of mass energy. Such an assumption is justified 
only when applied to calculate nuclear cross-sections for processes 
that the particle-particle collisions do not seem to depend on the 
quantum numbers of the colliding particles, like average charge 
multiplicities,. Other assumptions will have to be introduced when 
applying the Coherent tube model (CTM) to calculate nuclear cross-
sections for processes that the particle-particle collisions do seem 
to depend on the quantum numbers of the colliding particles. 
1,8 Present Experiment 
In the present experiment an emulsion stack consisting of 40 
plates of BR-2 emulsion exposed to 4.5 A GeV/c carbon nuclei at 
Dubna synchrophasotron, has been used. The aims of the experiment 
12 
are: (a) To study the general characteristics of C-emulsion collisior 
12 
at 4.5 A GeV/c; (b) To study in detail the fragmentation of C nuclei 
in emulsion; (c) To study the anomalous behaviour of projectile frag-
12 
ments. A sample of 1250 C-emulsion collision at 4.5 A GeV/c has been 
used for this purpose. In Chapter III, the general characteristics of 
12 
C-emulsion collisions have been studied. Multiplicity, angular 
distribution and correlations among various multiplicity parameters 
have been studied. The results have been compared with similar results 
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from p-emulsion and a-emulsion collisions at the same projectile 
momentum. The comparison yield valuable information about the 
dynamics of nucleus-nucleus collision. In Chapter IV fragmentation 
12 
of C nuclei emulsion has been studied in detail. Results on multi-
plicity, projected angular momentum and transverse momentum distribu-
tions are presented. Analysis of these results indicate that the 
principles of factorization and limiting fragmentation observed in 
electronic experiments for fragments emitted near 0 do not hold in 
our experiment. Finally in Chapter V the anomalous behaviour of pro-
12 jectile fragments from C-emulsion collisions has been studied. It 
has been observed that Z = 2 fragments do not exhibit any anomalous 
behaviour but Z 2 3 fragments do exhibits anomalous behaviour,i.e. 
their interaction mean free path depends upon the distance from the 
interaction vertex. 
40 
References 
1. P. Freier et al: Phys. Rev., 74, 213 (1948); Phys. Rev., 74, 
1818 (1948) . 
2. A. Milone: Nuo. Cim. Supp., 12, 353 (1954). 
3. S. Tokunaga et al: NuO. Cim., 5, 517 (1957). 
4. B. Judek: Canad. J. Phys., 46, 343 (1968). 
5. A.R. Bodmer: Phys. Rev., D4, 1601 (1974). 
6. H. Stocker, J. Maruhn and W. Greiner: Phys. Lett., B81, 303 (1979). 
7. V. Ruck, M. Gyulassy and W. Greiner: Z. Phys., A277, 391 (1976). 
8. A.B. Migdal: Sov. Phys. JETP, 34, 1184 (1972); Sov. Phys. JETP, 
36, 1052 (1973); Phys. Lett., B52, 264 (l974). 
9. N. Itoh: Prog. Theor. Phys., 44, 291 (1970). 
10. J.C. Collins and M.J. Perry: Phys. Rev. Lett ., 34, 1353 (1975). 
11. T.J.M. Symons et al: Phys. Rev. Lett., 42, 40 (1979). 
12. G.D. Westfall et al: Phys. Rev. Lett., 35, 152 (1975). 
13. H.L. Bradt and B. Peters: Phys. Rev., 74, 1828 (1948); Phys. Rev., 
75, 1779 (1949); Phys. Rev., 77, 54 (1950). 
14. T.F. Cleghron, P.S. Freier and C.J. Waddington: Cand. J. Phys. 46, 
572 (1968). 
15. Y. Eisenberg: Phys. Rev., 96, 1378 (1954). 
16. P.L. Jain, E. Lohrmann and M.W. Teucher: Phys. Rev., 115, 643 (1959) 
17. G. Alexander and G. Yekutieli: Nuo. Cim., 19, .103 (1961); 
G. Alexander et al: Nuo. Cim., 20, 648 (1961). 
18. Y. Tsuzuki: J. Phys. Soci. Jpn., 16, 2131 (l96l). 
19. K. Rybicki: Nuo. Cim., 28, 1437 (1963). 
20. F. Abraham et al: Phys. Rev., 159, 1110 (1967). 
41 
21. B. Andersson, I. Otterlund and K. Kristiansson: Ark. Fys., 31, 
527 (1966). 
22. I. Otterlund: Ark. Fys., 38, 467 (1968), 
23. 0. Skjeggestad and S.O. Sorensen: Phys. Rev., 113, 1115 (1959). 
24. E.K. Hyde, G. Butter and A.M. Poskanzer: Phys. Rev., C4, 1759 
(1971). 
25. B. Jakobsson, R. Kullberg and I. Otterlund: Z. Phys., A272, 159 
(1975). 
26. Yu. P. Gagarin, N.S. Ivanova and V.N. Kulikov: Sov. J. Nucl. Phys., 
11, 698 (1970). 
27. J. Benecke et al: Phys. Rev., 188, 2159 (1969). 
28. M. Gell-Mann: Phys. Rev. Lett., 8, 263 (1962); V.N. Gribov and 
I. Ya. Pomeranchuk: Phys/Ve't't., 8, 343 (1962). 
29. H. Feshbach and K. Huang: Phys. Lett., B47, 300, (1973). 
30. H.H. Heckman et al: Phys. Rev. Lett., 28, 926 (1972). 
31. D.E. Greiner et al: Phys. Rev. Lett., 35, 152 (l975) . 
32. P.J. Lindstrom et al: LBL-Report, LBL-3650 (1975). 
33. R. Bhanja et al: Nucl. Phys., A411, 507 (1983); Nucl. Phys., 
A438 (1985). 
34. W.A. Wenzel: LBL Heavy ion Seminar, Unpublished (1973). 
35. J.V. Lepore and R.J. Riddell: LBL-Report., LBL-3086 (1974). 
36. A.S. Goldhaber: Phys. Lett., B53, 306 (l974). 
37. E.J. Moniz et al: Phys. Rev. Lett., 26, 445 (1971). 
38. G.M. Chernov et al: Nucl. Phys., A421, 534 (1984). 
39. L. Anderson: Ph.D. thesis. University of California, Berkeley 
(1977). 
40. J. Popp et al: Phys. Rev. Lett., 10, 601 (1975). 
42 
41. H.L. Steiner: Proc. 7th Int. Conf. High Energy Physics, 
Nucl. Struct., P261 (1977). 
42. J. Jaros et al:LBL-Report, LBL-3849 (1975); Phys. Rev., C18, 
2273 (1978). 
43. H.H. Heckman et al: Phys. Rev., C17, 1735 (1978). 
44. G.M. Chernov et al: Nucl. Phys., A280, 478 (1977). 
45. B. Jakobsson and R. Kullberg: Phys. Ser., 13,327 (1976). 
46. B. Judek: Proc. 14th ICRC, Munchen, P. 2342 (1975). 
47. R. Kullberg et al: Nucl. Phys., A280, 491 (1977). 
48. D.L. Cheshire et al: Phys. Rev., DIO, 25 (1974). 
49. P.J. Lindstrom et al: Proc. 14th ICRC, Munchen, P. 2315 (1975). 
50. P. Hecking: Phys. Rev, C24, 1691 (1981). 
51. T.D. Lee and G.C. Wick: Phys. Rev., D9, 2291 (1974). 
52. T.D. Lee: Rev. Mod. Phys., 47, 267 (1976). 
53. M.B. Kislinger and P.D. Morley: Phys. Lett., B67, 371 (1977). 
54. G. Goldhaber et al: Phys. Rev., 120, 300 (i960). 
55. G.I. Kopylon: Phys. Lett., B50, 572 (1974), 
56. S. Nagamiya: Nucl. Phys., A400, 3996 (1983). 
57. S.Y. Fung et al: Phys. Rev. Lett., 40, 292 (1978). 
58. A. Sandoval et al: Phys. Rev. Lett., 45, 874 (1980). 
59. R. Stock et al: Phys. Rev. Lett., 49, 1236 (1982). 
60. S. Nagamiya: Phys. Rev., C24, 971 (1981). 
61. G. Domokos and J.I. Goldman: Phys. Rev., D23, 203 (1981). 
62. A.E. Glassgold, W. Heckrotte and K.M. Watson: Ann. Phys. (N.Y.), 
6, 1 (1959). 
63. M.I. Sobel et al: Nucl. Phys., A251, 502 (1975). 
43 
64. W. Schied , J . Hofman and W. Gre ine r : P r o c . 2nd HEHI 
Summer Study, Berke ley , C a l i f o r n i a (1974) ; LBL-Report; 
LBL-3675 (1975) . 
6 5 . R. Stock: Symposium on Heavy Ion Research GSI, 66 ( 1 9 7 8 ) . 
66 . H.G. Baumgardt e t a l : Z. P h y s . , A273, 359 (1975) . 
67. H.F. Crawford e t a l : Phys . Rev. L e t t . , 34, 329 (1975) . 
6 8 . M.Q.R. Khan e t a l : Nuo. Cim., A 99 , 417 ( 1 9 8 8 ) . 
69 . A. El-Naghy: Nuo. Cim., A71, 245 (1982 ) . 
70. D. Ghosh et al: Cand. J. Phys., 64, 239 (1986). 
71. D. Ghosh, J. Roy and R. Sengupta: Cand. J. Phys., 64, 1502 (1986) 
72. S. Das Gupta and A.Z. Mekjain: Phys. Report, 72, 131 (1981). 
73. G.D. Westfall et al: Phys. Rev. Lett., 37, 1202 (1976); 
Phys. Rev., C19, 1309 (1979). 
74. J. Gosset et al: Phys. Rev., C18, 844 (1978). 
75. J.I. Kapusta: Phys. Rev., C16, 1493 (1977); LBL-Report, 
LBL-6504 (1977). 
76. J. Gosset et al: Phys. Rev., C16, 629 (1977). 
77. M. Gyulassy and S.K. Kauffman: Phys. Rev. Lett., 40, 298 (1978). 
78. W.D. Myers: Nucl. Phys., A296, 177 (1978). 
79. C.F. Chapline et al: Phys. Rev., D8, 4302 (1973). 
80. A.A. Amsden et al: Phys. Rev. Lett., 35, 905 (1975); Phys. Rev., 
C15, 2509 (1977), 
81. J.P. Bondrof, S.I.A. Garpman and J. Zimanyi: Nucl. Phys., 
A296, 320 (1978). 
82. M.I. Sobel et al: Nucl. Phys., A251, 502 (1975). 
83. W. Greiner et al: Phys. Rev. Lett., 32, 741 (1974). 
84. J.R. Nix et al: Phys. Rev. Lett., 35, 905 (1975). 
44 
85. W.D. Myers and W.J. Swiatecki: Ann. Phys. (N.Y.), 55, 395 (1969). 
86. A.J. Sierk and J.R. Nix: Phys. Rev., C22, 1920 (1980). 
87. A.A. Amsden et al: Phys. Rev., C17, 2080 (1978). 
88. J.P. Bondrof et al: Phys. Lett., B65, 217 (1976); Z. Phys., 279, 
385 (1976) . 
89. Y. Yariv and Z. Fraenkel: Phys. Rev., C20, 2227 (1979); Phys. Rev. 
C24, 488 (1981). 
90. J. Hunfer and J. Knoll: Nucl. Phys., A290, 460 (1977). 
91. J.D. Stevenson: Phys. Rev. Lett., 41,1702 (1978), 
92. T. Kodama et al: Phys. Rev. Lett., 49, 536 (1982), 
93. J. Cugnon et al: Nucl. Phys. A379, 553 (1982). 
94. F. Takagi: Lett. Nuo. Cim., 14, 559 (1976). 
95. G. Berlad et al: Phys. Rev., D13, 161 (l976). 
96. J.M. Kohli: Ilird HEP Symp. Bhubaneswar, Vol. II, 330 (1976). 
97. Y. Afek et al: Proc. Topical Meeting, TRIESTE, 591 (1976), 
45 
2.1 Introduction 
Nuclear research emulsion is generally used in the study of 
nuclear interactions as both the target and detector. Much of the 
data on hadron-nucleus and nucleus-nucleus interactions have come 
from pure emulsion stacks exposed to cosmic rays or to accelerator 
beams. The nuclear emulsion records the passage of the charged 
particles as tracks which can be seen under the microscope, after 
chemical processing, as 3-dimensional strings of silver grains. The 
undeveloped emulsion consists of roughly equal parts by volume of 
silver halide crystals and a gelatin matrix which holds the grains 
in place. The passage of a charged particle through the emulsion 
renders some silver halide crystals along its path developable. During 
the development process, these crystals are converted into silver 
grains and the undeveloped crystals are washed out of the emulsion. 
The developed silver grains vary in diameter roughly from 0.1 to 1.0 
micron. 
The nuclear emulsion consists of two groups of nuclei, viz. 
a light atom group of H, C, N, 0, etc. which are constituents of 
gelatin and a heavy atom group of silver halides (mainly bromide). 
Normally, the emulsion also contains some water. Glycerine is used 
as plasticizer, to prevent it from becoming brittle. The chemical 
composition by weight of nuclear emulsion can be summarized as !•/. 
hydrogen (H) , 16/4 carbon-nitrogen-oxygen (C,N,0), and 83;^  silver-bromide 
(Ag,Br). The composition of standard emulsion as well as atomic weight 
A., number of atoms N. per c.c, and moles per c.c for the element of 
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atomic number Z are given in Table 2.1 (l). 
When a particle of charge ze and mass M traverses a medium 
of atomic number Z and mass number A, it excites and ionizes the 
atoms of the medium due to Coulomb interactions. This results in loss 
of energy of the incident particle. The rate of energy loss dE per 
unit length dX traversed is given by (2) 
dE 4 It N Z z2 e^ 2 m v2 
= 5 [In ( ^ ) - p^], (2.1) 
dX m V A 1(1 - p ) 
where v is the velocity of the particle, p = v/c, N is the number of 
atoms per unit volume of the stopping material, I is the mean ioniza-
tion potential and m is the mass of the electron. It is clear from 
equation (2.1) that the energy loss does not depend on the mass M of 
the incident particle. It is only a function of its velocity and 
charge. Since the logarithmic term varies only slightly with v, the 
energy loss is proportional to z /v and Z/A to an approximation 
at low velocities (v < < c). 
The nuclear emulsion is a versatile instrument for the detectior 
of charged particles. It produces a visible track along the trajectory 
of a charged particle. Particles of different ionizing powers produce 
tracks which app)ear quite different. It has a unique spatial resolu-
tion and can resolve events in space separated by even a few microns. 
The nuclear emulsion has high density and high stopping power, about 
1700 times the stopping power of standard air. Due to this, many short 
lived particles can be brought to rest in emulsion, before they decay. 
Sensitivity of an emulsion could be changed according to the requiremen 
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TABLE 2.1* 
The chemical composition of standard emulsion 
Element 
Ag 
Br 
I 
S 
0 
N 
C 
H 
Z. 
1 
47 
35 
53 
16 
08 
07 
06 
01 
N. 
(X lO^O) 
101.01 
100.41 
0.56 
1.35 
94.97 
31.68 
138.30 
321.56 
\ 
107.88 
79.92 
126.93 
32.06 
16.00 
14.01 
12.00 
01.01 
Mole/c.c 
(x 10'^) 
16.764 
16.673 
0.094 
0.216 
16.050 
05.147 
22.698 
53.571 
* 22 / 
Totals: N = 7.898 x 10 atoms/c.c. 
24 / 
n = 2 N.Z. = 1.0446 x 10 electrons/c.c. 
= 1.7338 moles/c.c. 
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of the experiment. G5 emulsions are so sensitive that singly charged 
particles of v/c~l and even electrons and fission products of all 
energies can be recorded. The nuclear emulsion being light as compared 
to other detectors has served very well the need of cosmic ray experi-
ments. After the development of nuclear emulsion, if it is kept 
under specified condition, the photographed events can be preserved 
for many years. 
Beside these, the nuclear emulsion has some drawbacks also. 
It requires special dark room processing and very careful handling 
before development. In the emulsion it is not possible to predict the 
target nucleus involved in the collision and the time of the particle's 
detection. The emulsion technique is also very slow. 
In the following sections of this chapter, the details of 
emulsion stack used in the present experiment is given and the experi-
mental techniques adopted in the present experiment including scanning, 
measurements of charge, etc. have been discussed. 
2,2 Details of the Stack 
A stack of BR-2 emulsion, consisting of 40 plates, each of size 
18.7 X 9.7 X 0.06 cm with printed grid, exposed to 4.5 A GeV/c carbon 
beam at synchrophasotron of the Joint Institute of Nuclear Research 
(JINR), Dubna, USSR, has been used in the present investigation. The 
plates after development were mounted on glass. In order to obtain 
almost horizontal carbon tracks, the incident beam was allowed to pass 
through the plates parallel to one of its edges and in the plane of the 
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emulsion. Due to negligible dip angle, most of the carbon tracks 
travel the full length of the stack provided that they have not 
interacted in between. 
2,3 Scanning 
When the nuclear beam passes through an emulsion stack, the 
beam particles interact with the nuclei of emulsion and a number of 
charged and neutral particles are produced. The emulsion by virtue 
of its photographic action records tracks of the charged particles. 
A track is the signature of the charged particle responsible for its 
formation. All the charged particles produced in an interaction have 
a common vertex. When the interaction is viewed under high magnifi-
cation of a microscope it looks like a 'star'. The process of locating 
the position of an interaction in the emulsion stack with the help of 
microscope is called the scanning. Two methods of scanning commonly 
used are area scanning and line scanning. In the following section 
the two methods of scanning are discussed in detail. 
2,3.1 Area Scanning 
Area scanning is actually the volume scanning, because in the 
scanning the search of events is also done in the depth of the emulsion 
plate using the Z-motion of the microscope. Area scanning of an 
emulsion plate is usually done in strips equal in width to a side of 
an inscribed square in the microscope field of view. The procedure is 
to cause the focal surface in the emulsion to sweep up and down from 
the surface of the emulsion to the glass by rolling fine focus control 
(Z-motion of the microscope) while observing the events successively 
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coming into and going out of the view. One such elementary motion dowr 
or up is called a scanning traverse. Before shifting the field, more 
than one traverse may be made to locate events. For better efficiency, 
the field of view must be divided into a number of separate small areas 
so that the whole of the area can be seen clearly before the next tra-
verse. The field of view is then shifted along the X-axis with the 
help of X-motion of the microscope and then the same procedure is 
repeated until the whole X-strip of the stack is completed. On comple-
ting one X-strip, the field of view is shifted towards the next X-strip 
by giving the displacement of Y-motion of microscope equal to or less 
than one field of view. The volume of the emulsion scanned in this way 
2 is equal to nw T, where n is the number of scanning traverses, w 
is the width of the inscribed square, and T is the thickness of the 
emulsion plate. This technique is very slow, even at a magnification 
as low as 100, only 0.2 to 0.3 of a cubic centimeter per hour could be 
scanned using this technique. 
Area scanning is useful when the primary particles enter over 
a wide solid angle; when they have a large energy spread; for investi-
gating the behaviour of neutral particles; when a large population of 
certain easily seen events, stars or decay is wanted. The disadvan-
tages of area scanning are the bias against small events and against 
some directions of emission of secondary particles. For instance, a 
decay in which the single minimum ionizing secondary is steeply dipping 
can be easily missed and a two prong star is less noticeable than a 
fourteen prong one. When area scanning is done, these inefficiencies 
must be remembered and corrected for. 
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2.3.2 Line Scanning 
In this method the track of beam particle is picked up near 
the leading edge of the stack and it is followed until it interacts 
or leaves the stack or reaches the point of interest. The same 
procedure is adopted for the next beam track and in this way the 
whole stack may be scanned. This method of scanning has more relative 
efficiency and there is no probability of missing a particular kind 
of interaction. This type of scanning is effective only in the 
following conditions of exposure: 
(i) beam flux is not dense and is spread up through out the leading 
edge, 
(ii) beam does not dip much,i.e. it traverses a considerable length 
in an emulsion plate if the beam particle does not interact, 
and 
( iii) the length available for the traversal of beam particle is 
large. 
In the present investigation we have adopted the method of line 
scanning to scan the emulsion stack. For this purpose we have used a 
NIKDN OPTIPHOT (JAPAN) microscope having 7.0 cm movable stage and the 
scanning was performed using 60X objective and lOX eyepieces. The 
emulsion plate was placed on the microscope stage in such a way that 
beam flux was nearly aligned with the X-motion of the microscope stage. 
The position of all the beam tracks entering the leading edge (entrance 
side) of a grid were noted. The beam tracks were picked up at 3mm 
from the leading edge of the stack and followed until they interacted 
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or left the stack. The tracks were also followed backward in order 
to be sure that they did not come from other interactions. We picked 
up almost all events having a difference between the charge of pro-
jectile and principal projectile fragment of zil^  Z = Zp - Z- < 2. One 
prong events with a deflection angle of secondary track less than 3° 
and without visible tracks from excitation or disintegration of the 
projectile and/or the target nuclei were due to elastic scattering 
and were rejected. A total of 4587 inelastic interactions of carbon 
nuclei were picked up by following 63254.74 cm of primary track length, 
leading to the mean free path of carbon nuclei in emulsion equal to 
(13.79 + 0.25) cm. 
2.3.3 Scanning Efficiency 
To calculate the efficiency of scanning, normally two observers 
scan certain samples of the area of the emulsion stack. Suppose two 
observers A and B scan a particular sample containing N number 
of true events. Let N. be the number of events observed by observer 
A but not by observer B, Nn be the number of events observed by 
D 
observer B but not by observer A and N.g be the common number of 
events observed by both observers. If E. and Eg are the efficien-
cies of observers A and B respectively, then 
N^ = E^.N (1 - Eg), (2.2) 
Ng = Eg.N (1 - E^), (2.3) 
and 
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^AB = N - E A - ^ B - ^2.4) 
rom these 
^A 
EB 
re 
= 
= 
l a t i o n s , we get 
•^AB 
N A B + "^ B 
f^ AB 
'^AB ^ ^A 
(2.5) 
(2.6) 
and 
'^AB + ^A' '^AB * ''B' 
N = . (2.7) 
^AB 
In order to calculate the scanning efficiency in the present 
experiment, the scanning was performed by two different observers on 
around one fourth of the sample. The number of events missed by 
either observers was negligible. Therefore, in our experiment the 
scanning efficiency was nearly 100^. 
2.4 Classification of Secondary Particles 
In a nucleus-nucleus collision in addition to shower, grey and 
black track producing particles, we have another kind of particles, 
the projectile fragments which are collimated within a narrow cone 
around the beam direction and have the same momentum per nucleon as 
the beam particles. In the following sections we present the criteria 
adopted for classifying different types of particles. 
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2.4.1 Black Tracks 
The secondary tracks having ionization greater than 10 times 
the minimum ionization or plateau ionization, i.e. g > 10 g , where 
g is the plateau ionization, or relative velocity p < 0.3, range 
in emulsion L < 3.0 mm and dip angle 0. < 30° are classified as 
black tracks. The tracks are mainly produced by fragments emitted from 
the excited target nucleus. The total number of black tracks in a 
star is denoted by N, . 
2.4.2 Grey Tracks 
The secondary tracks having ionization in interval 1.4 g <. g <. 
10 g or relative velocity 0.3 <. p £ 0.7, range in emulsion L 2 3.0 
and having dip angle ©, < 30 , are classified as grey tracks. These 
tracks are mainly due to the recoiling nucleons, mostly protons, but 
with an admixture of deuterons and particles of mass number 3. The 
total number of grey tracks in a star is represented by N . 
Conventionally, the sum of the number of black and grey tracks, 
produced in a collision is referred to as the heavy prongs or heavily 
ionizing tracks and denoted by % ( = ^b "^  ^ a^ ' 
In the present experiment, each heavily ionizing particle with 
dip angle 9, < 30° was assigned a geometrical weight factor W such 
that 
W = 1, when 150° < © 1 30°, 
otherwise 
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W = , (2.8) 
2 Sin"-'- (Sin 30°/Sin 0) 
where Q is the space angle of a particular track. 
2.4,3 Fast Secondary Particles 
2.4.3.1 Shower Tracks 
The secondary tracks having ionization less than 1.4 times the 
minimum or plateau ionization, i.e. g < 1.4 g or relative velocity 
P >, 0.7, are taken as shower tracks. These tracks are mainly due to 
the singly charged particles. Most of the shower particles are pions, 
but there is a small portion of charged K-mesons, fast protons, anti-
protons and hyperons among them. The total number of shower tracks 
produced in a star is represented by N . 
2.4.3.2 Projectile Fragments 
In a peripheral collision only a part of the projectile nucleus 
is directly involved in the collision. The projectile nucleus is 
therefore breaks up into singly charged fragments, neutral particles 
and also into multiply charged fragments. In a collision, the multiply 
charged fragments can easily be separated from the target fragments as 
they are collimated in a narrow cone in the forward direction and have 
velocity almost equal to the velocity of the projectile nucleus. The 
ionization of the projectile fragments varies with their charges and 
does not change over a wide range. The projectile fragments are 
classified into two groups, according to their ionization. 
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(i) Doubly charged fragment (Z = 2) of the projectile is the 
particle with an ionization g ci 4 g , without any change 
in ionization along a length of at least 2 cm from the inter-
action vertex and having an angle of emission 0 < 3°. 
(ii) Multiply charged fragment (Z 2 3) of the projectile is a 
particle with an ionization g 2 ^ 9 without any change in 
ionization along a length of at least 1 cm from the interaction 
vertex and having an angle of emission 0 < 3°. 
The charge of projectile fragments was estimated by their 
ionization measurements and by counting the number of delta-rays. 
The fragments having charge Z = 1 were not identified individually 
and their number was estimated using the method given in reference (3). 
The details of charge estimation will be given in section (2,6). 
2.5 Measurements 
Measurements in emulsion consist of determining the co-ordinates 
of points, in a suitable co-ordinate frame, measurement of distance 
between points, measurement of area and volume, measurement of proj-
ected and space angles, measurement of statistical deviations of a 
track from a straight line, measurement of track curvature etc. with 
the help of high magnification cf a microscope. In the present 
experiment, measurements have been done of those parameters which are 
of our interest. The measurements have been performed using M40CXD 
series Cook's (England) microscope with lOOX oil objective and 15X 
eyepieces. Before starting measurements on a star, its depth was 
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measured and stars which were found lying within 30 nm from the top 
or bottom surface of the emulsion were rejected and the measurements 
were not performed on such stars. This has been done to facilitate 
the measurements. 
2.5.1 Shrinkage Factor 
It is found that, while the unmounted stacks may suffer both 
lateral and vertical shrinkage, the mounted stacks commonly undergo 
the vertical shrinkage only. Therefore, in the present experiment 
the vertical shrinkage factor was determined before starting the 
measurements. The frequent determination of shrinkage factor was 
found to be necessary because its volume changes considerably with 
humidity, temperature etc. The shrinkage factor was calculated using 
the relation 
T 
S = , (2.9) 
T' 
where T and T' are the thicknesses of the emulsion before and 
after the processing. The thicknesses before the processing of the 
emulsion plates were available at three different positions, i.e. 
middle and both side of the plate at particular positions. The 
thicknesses were measured at the same points from time to time and 
shrinkage factor was calculated using the above expression. 
2.5.2 Measurement of Angle of Emission of Secondary Particles 
The secondary particles' tracks are generally well separated 
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from each other in space, except some showers and p ro j ec t i l e fragmentsj 
which are emitted in the forward d i r ec t i on . Therefore, except the 
p r o j e c t i l e fragments and showers in the forward d i r ec t i on , the pro-
jected angle and dip of the secondary tracks were measured d i r e c t l y 
by the goniometer and by the Z-motion of the microscope. The d e t a i l s 
of th i s measurement are as fol lows. 
The primary track of the s t a r of i n t e r e s t was aligned p a r a l l e l 
to the X-motion of the microscope. The vertex of the i n t e r ac t i on was 
focussed at the centre of the g ra t i cu le of the goniometer. The primary 
beam track was aligned with one of the reference l ine of the goniometei 
Now the secondary tracks were aligned one by one by r o t a t i n g the gonio-
meter and the goniometer scale reading was taken for the projected 
angle with r e spec t to forward d i rec t ion of the primary beam. For each 
track the dip was measured by moving the Z-motion of the microscope, 
with respect to the dip of s t a r ver tex . Now the dip angle, 0 . , was 
calculated by using the r e l a t i o n 
I S . dip 
0^ = tan"-^ ( ) , (2.10) 
where S is the shrinkage factor and L is the projected length or 
length from the vertex to the point at #iich the dip was measured. 
The space angle, 0, can now be calculated using 
0 = Cos"""" (Cos 0 . Cos 0^), (2.11) 
where © is the projected angle and 0. is the dip angle. In this 
way the space angles of all secondary particles, except the projectile 
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fragments and the showers in the forward direction, were measured, 
2.5,3 Measurement of Angle of Emission of Projectile Fragments 
The projectile fragments lie in a narrow cone in the forward 
direction and therefore are not well separated. The same problem 
arises in the case of shower particles in the forward direction. 
Therefore, the angle of emission of projectile fragments and shower 
particles lying in the forward direction was measured using the 
co-ordinate method which is more accurate. 
To measure the angle, first the beam track of the star was 
aligned parallel to X-motion of the microsocope with the help of 
graticule. The vertex of the star was then focussed and the readings 
of X-motion of the scale and Z-motion were taken. NQW the stage was 
moved forward to at least ten fields of view very carefully. Again 
the projectile fragment was focussed and the readings of X-motion and 
Z-motion were taken. The difference of the two readings gave the A Z 
reading for the projected length AX, the difference of the two 
X-readings. The AY reading was taken from the eyepiece graticule 
scale for a segment AX. Now the projected angle 0 and dip angle 
0 , were calculated using relations 
^p = t^"'^ ( ^ ) . (2-12) 
and 
, AZ 
0, = tan'-^  (S. ), (2.13) 
^ AX 
where S is the shrinkage factor. Knowing 0 and 0^, the angles 
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of emission of projectile fragments and the shower in forward 
direction were calculated using relation (2.11). 
2.6 Estimation of Charge of Projectile Fragments 
The projectile fragments emitted from the collisions consist 
of various types of particles having their charges ranging from 
1 to 6, For an accurate kinematical analysis of the projectile 
fragments, it is essential to know the charges of these fragments. 
As we have mentioned in section (2.1) that when a high energy rela-
tivistic particle traverses through the emulsion it produces ionization 
along its path. The density of the developed grains is a function of 
charge and velocity of the particle. At comparatively higher velo-
cities the grains are well separated and can be counted easily. 
In the present experiment the estimation of charge has been 
done using S -ray density method and using blob and gap method. These 
methods are discussed in the following sections. 
2.6.1 Delta Ray Density Method 
Most of the electrons which are ejected from the atoms by 
charged particles are generally of very low energy, but some times 
occasional collisions lead to the ejection of electrons of a few 
KeV or more. The tracks of such electrons are known as <S -rays. 
Certain conventions are adopted for counting the number of 6-rays 
associated with the track of a charged particle. Dainton et al (4) 
define a track to be a 6 -ray which contains at least four grains, 
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while Tidman e t a l (5) take a g r a i n c o n f i g u r a t i o n to be 6 - r a y which 
has a p r o j e c t e d range of a t l e a s t 1.58 p,m on the plane of the emulsion 
from the ax i s of the t r a c k . We have used the convent ion adopted by 
Tidman e t a l (5) for measuring the i - r a y d e n s i t y . The number of <S-rayj 
depends on the r e s o l u t i o n of the emuls ion, i t s s e n s i t i v i t y and a l so 
on the charge and v e l o c i t y of the moving p a r t i c l e . Informat ion r e g a r -
ding the charge of a p a r t i c l e can be ob ta ined by count ing the number 
of 5 - r a y s along the t r a j e c t a r y of the p a r t i c l e . 
Neg lec t ing the smal le r terms depending on the p a r t i c l e s t r u c t u r e 
and s ign of the charge , the d i f f e r e n t i a l c r o s s - s e c t i o n fo r the t r a n s f e i 
of energy in the i n t e r v a l dE to a s t a t i o n a r y unbound e l e c t r o n by the 
e l e c t r i c f i e l d of a po in t charge Ze i s g iven by (6) 
j ^ 27iZ r mc o2„ ,„ 
do o p E dE ^ 
dE = (1 ) cm . (2 .14) ^^ p2 E^^^ g2 
The energy, E, of such knock-on e l e c t r o n s ex tends up to a maximum 
value 
2 2 2 
2mc p Y 
2 . .V = ; » (2 .15) 
1 + 2 (m/M) Y + (m/M) 
max 
where p is the particle velocity, m is the electron mass, c is 
2 —1/2 
the velocity of light, Y = ( l - p ) » W is the mass of the 
2 2 
particle, and r = e /(mc ). 
It should, however, be pointed out that the lower limit of E 
that defines a recognizable 6 -ray in emulsion depends on the range 
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energy relation for low velocity electrons, the grain size of the 
emulsion, the scattering of these slow electrons, the sensitivity of 
the emulsion, and the density of background electron tracks. 
From equation (2.14), it is obvious that the density of 6-rays 
increases with the square of the charge of the particle. While 
counting the number of ($-rays, one should bear in mind the fact that thf 
core of the track also broadens as the particle charge increases. At 
relativistic velocities, when 6 — > 1, E , becomes quite large 
^ max ^ 
compared to any p rac t i ca l minimum i - r a y energy. Therefore, from 
equation (2 .14) , the number of 6 - rays exceeding a p a r t i c u l a r minimum 
energy, E . becomes simply 
2 2 mc 2 
n,cii {2% x) Z 
^ ° E . 
mm 
2 
= constant . Z . (2.16) 
The above expression suggests tha t i f the value of the constant 
i s determined empirical ly for a p a r t i c l e of known charge, the charge 
of other r e l a t i v i s t i c p a r t i c l e s can be determined with good accuracy. 
2,6.2 Blob and Gap Method 
This method, f i r s t introduced by Ceallaigh (7) and l a t e r on 
extended by Fowler and Perkins (8) i s an important advancement in the 
technique of ionizat ion measurements. I t i s based upon the f a c t tha t 
the gap length d i s t r i bu t ion i s exponential and may be wr i t ten as 
H(L) = B exp ( - g l ) , (2.17) 
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where H(L) represents the density of gaps of length greater than 
L and B is the blob density. The constant of exponential g is 
more or less independent of mean grain size and is, therefore, a good 
parameter for measurement of the ionization. 
Further,, if H, and H^ are numbers of gaps of length excee-
ding L, and l^  P©^ unit length of the track, the coefficient of 
exponent, g, can be determined from 
g = log (exp ). (2.18) 
(I2 - l^ ) H2 
Fowler and Perkins have also given a relation connecting the blob 
density B to g in the form 
B = g exp (- a.g), (2.19) 
where a is a parameter which is dependent largely on the average 
grain size, optical resolution of microscope and the convention 
adopted by an observer. For obtaining the value of specific ionizatior 
(Normalized grain density), g* = g/g , g may be calculated in the 
following way. 
The value of the parameter g has been determined by measurinc 
the grain density on a number of shower tracks. This has been done in 
every plate in which the measurement of specific ionization, g*, was 
required. It has been observed that no significant change in the value 
of g occurs in different plates. The value of g^  in our experimeni 
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has been found to be-^Sl grains/lOO nm. To obtain the value of g, 
the number of blobs was counted over a certain length of the track 
and corresponding number of gaps exceeding some optimum value was 
determined. The optimum value of L occurs when the condition 
gl = 2.0, is satisfied for all value of g. The statistical error 
in this measurement was calculated from (s) 
dg 1 
(2.20) 
^ (NH)-'-/^  log exp(B/H) 
The error obtained from the above expression was sufficiently 
small because the number of blobs counted in a certain length of the 
track was greater than four times the number of gaps, i.e. No > 4 N„. 
It should be noted that L was chosen to be an integral number of 
smallest division of an eyepiece scale. 
2,6.3 Estimation of Charge in Present Experiment 
By measuring the grain densities of tracks, projectile fragments 
could be easily separated tentatively into two groups viz. Z = 2 
fragments and Z 2 3 fragments. For this purpose, ionization measure-
ments were made near the interaction vertex and also at a distance of 
about 2 cm from the vertex. When the ionization was about four times 
of the minimum ionization and did not change in the second measurement, 
the track was identified as due to a Z = 2 fragment. To confirm 
this criterion further, the ionization of the track was compared with 
that of a distinguishableT^e track from events C > 3 He. For 
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i den t i f i ca t i on of multicharged fragments with ^ >. ^ t ion iza t ion 
measurements were made near the in te rac t ion ver tex and also a t a 
distance of about 1 cm from the ver tex. If the ionizat ion was about 
six times the minimum ionizat ion and did not change in the second 
measurement, the track was iden t i f i ed as due to a multicharged 
fragments (Z 2 3 ) . The tracks were subdivided into L i , Be, B, C 
fragments by measuring the density of 6-rays along the t r a c k s . 
For c a l i b r a t i on , events in which p r o j e c t i l e carbon nuclei 
12 4 
breaks up into e i the r three helium fragments ( C > 3 He) or into 
^ 0 f\ 
two l i thium fragments ( C > 2 Li) and tracks of beam nucle i were 
used. Number of i - r a y s were counted on the d is t inguishable tracks 
of helium and l i thium fragments. For helium and l i thium fragments 
counting was done over 1 cm near the in te rac t ion vertex and also a t 
2 cm from the ver tex . Similarly counting of <S-rays was done on the 
tracks of primary beam nuclei over a distance of 1 cm a t d i f f e ren t 
p o s i t i o n s . Figure 2,1 shows number of 6- rays per cm as a function 
of the square of the charge of the fragments. 
In order to check our charge i d e n t i f i c a t i o n , the charges of 
about half of the fragments were also estimated by measuring the blob 
densi ty B, the density of gaps H, for length grea ter than 1,1 |j,m 
and the gap length coeff ic ient g which is given by equation (2 .17) . 
Results of t h i s method of charge iden t i f i ca t ion and S-ray densi ty 
method were in good agreement. 
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CHAPTER III 
INTERACTIONS OF RELATIVISTIC CARBON NUCLEI 
IN NUCLEAR EMULSION* 
* Results published in XL Nuovo Cimento A: Vol.99, 417(1988) 
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3.1 Introduct ion 
Recently the i n t e r e s t in high energy nucleus-nucleus co l l i s ions 
has grea t ly increased. This i s due to the f ac t tha t t heo re t i c i ans 
have r ea l i sed the importance of these processes as an e s s e n t i a l source 
of information about the hadron in te rac t ion dynamics ( 1 - 3 ) . They 
also p red ic t the p o s s i b i l i t y tha t during the c o l l i s i o n s a t high 
energy, heavy nuclei may become compressed to more than the i r normal 
dens i ty . This compression of nuclei may r e s u l t in densi ty isomers, 
or quas is table s t a t e s ex is t ing a t other than normal nuclear densi ty 
(4 -8 ) . 
Nucleus-nucleus co l l i s ions t i l l recent pas t were considered 
ra ther a messy af fa i r due to the complicated nature of such co l l i s i ons 
and due to the absence of a de ta i led theo re t i ca l model to account for 
the experimental data . However, the a v a i l a b i l i t y of r e l a t i v i s t i c 
nuclear beam a t Lawrence Berkeley Laboratory (LBL) and a t Jo in t 
I n s t i t u t e of Nuclear Research (JINR), Dubna, made i t possible for 
the exper imental is ts to study various aspects of nucleus-nucleus 
co l l i s i ons a t high energy in a systematic manner. A l o t of useful 
information may be obtained from the study of these c o l l i s i o n s . 
For example, a study of nucleus-nucleus c o l l i s i o n s may help us in 
ref ining the models of mul t ipa r t i c l e production in hadron-hadron and 
hadron-nucleus c o l l i s i o n s . One may also get information about the 
behaviour of nucleons in te rac t ing co l l ec t i ve ly (9-12) and study the 
behaviour of nuclear matter under extreme condit ions (8 ,13-17) . High 
energy nucleus-nucleus co l l i s i ons are perhaps the only source a t 
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present to subject nuclear matter to such abnormal conditions. 
In the present chapter, the general characteristics of 
1 o 
C-emulsion collisions at 4.5 A GeV/c have been investigated. Using 
12 
a sample of 1250 C-emulsion collisions, multiplicity and angular 
distributions of charged secondaries and correlations among various 
multiplicity parameters have been studied. The results obtained are 
compared with those of p-emulsion collisions at 3 GeV/c (18) and 
a-emulsion collisions at 4.5 A GeV/c (l9) . An attempt has also been 
made to compare the results concerning various parameters with the 
predictions of the geometrical model. 
3.2 Target Identification 
Although the exact identification of target in an emulsion 
experiment is not easy as the medium in composed of H, C, N, 0, Ag 
and Br nuclei (see section 2.1 of chapter II). Statistically, the 
classification of collisions with different target nuclei in emulsion 
could be done on the basis of the distribution of heavy particles, 
N, which is a characteristic of the size of the target. Usually, the 
12 
events with N, ^ 1 are collisions with hydrogen ( C - H, Aj = 1), 
12 
events with 2 _< N, ^  7 are collisions with light nuclei ( C - CNO, 
< Ay > = 14) and events with N. >_ 8 are collisions with heavy nuclei 
1 2 
( C - AgBr, < -^ > = 94). This method of target identification is 
more accurate in collisions induced by very heavy nuclei than in 
collisions induced by light nuclei or singly charged particles (20,21). 
Although this method is crude, the separation of events for AgBr is 
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quite accurate in events with N, ^ 8, but in N, < 8 events there 
is an admixture of CNO target events and peripheral collisions with 
AgBr target. Since in the present investigation, event by event 
target identification is required, we have employed short range track 
distribution to identify targets for events with N. < 8. 
Jakobsson and Kullberg (21) and Karabova et al (22) have studied 
the distribution of short range tracks and have shown that there are 
practically no tracks having range 10 < R j< 50 p,m in the interval 
2 <_ N, ^ 7 in the collisions with AgBr target in the emulsion. The 
presence of short range tracks ( ^  10 jim) in the interval of N, < 8 
in AgBr events is due to the recoil nuclei. Moreover, their obser-
vation indicates that the Coulomb barrier is high enough to depress 
the emission of low energy light nuclei only in peripheral collisions 
with a heavy target and therefore the presence of short range tracks 
in peripheral collisions is due to the recoil nuclei. 
In view of the above considerations, the following criteria 
have been adopted for the target identification: 
AgBr events : ( i) ^h - ® 
(ii) N, < 8 and at least one track with R £ 10 ^im 
and no track with 10 < R _< 50 |j,m. 
CNO events : (i) 2 <_ N, < 8 and no track with R £ 10 p,in. 
H events : (i) ^^ K = ^  
(ii) N, = 1 but not falling in any of the above 
categories. 
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In Table 3.1 we present the percentage of different kinds of 
12 
events in collisions induced by C projectile and compare with 
similar results from collisions of various other projectiles at 
different energies. From the table it is clear that the percentage 
of events decreases in the case of collisions with light target nuc'lei 
(CNO) as the mass of projectile increases. But in the case of colli-
sions with heavy target nuclei (AgBr) the percentage of events increa-
ses as the projectile mass increases. 
3.3 Mean Free Path 
In the present experiment, the value of mean free path, X of 
12 
C nuclei in emulsion is found to be (13.79 + 0.25) cm. This value 
compares well with (13.20 + 0.03) cm obtained by Dipak Ghosh et al (26] 
•}_2 s ame 
for C at the/incident momentum, (13.70 + 0.30) cm by El-Nadi and 
12 
Toneev (27) for C at incident momentum 4.2 A GeV/c and (13.80 + 0.50; 
12 
cm obtained by Heckman et al (28) for C at 2.1 A GeV. Figure 3.1 
shows the experimental values of the mean free paths of various pro-
jectiles in nuclear emulsion as a function of their charge, Z. Data 
1 4 14 16 points for the projectile H, He, N and 0 have been taken from 
the works of Chernov et al (29) and Heckman et al (28) and for Fe 
from the work of Mangotra et al (30). The dependence of the mean free 
path of a projectile on its charge can be parametrized m t h the help 
of the following relation 
\ = AZ^  , (3.1) 
where A is the mean free path of the projectile of charge Z, 
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and A is the charge independent mean free path. The experimental data 
fit well with the equation (3,1) for A = 28.0 + 0.7 and f= 0.39 + 0.02 
These values are in agreement with the corresponding values A = 30.4 + 1, 
P= 0.44 + 0.02 of Friedlander et al (31), A = 28.1 + 0.8, f = 0.39 + OJ 
of Mangotra et al (30) and A = 25.1 + 1.7, f = 0.34 + 0.03 of Barber 
et al (32). 
3.4 Multiplicity and Correlations of Secondary Particles 
Multiplicity of the secondary particles produced in collisions 
is a useful parameter in the study of the multiparticle production 
process in high energy collisions. It serves as one of the sensitive 
tools for verifying the predictions of different theoretical and 
phenomenological models. 
3.4.1 Mean Multiplicity 
Table 3.2 presents the mean multiplicities of shower, grey 
12 
and black particles from C-emulsion collisions. Similar results 
from the collisions of various projectiles with emulsion are also 
presented in the same table. It can be seen from the table that 
<N. > remains practically unchanged for different projectiles, ranging 
from proton to iron, indicating the approximate equality of the 
residual nucleus excitations. A comparison of the data presented in 
the table shows that <N > increases with the mass of the projectile. 
This can be explained in terms of the fire-ball model (36). According 
to this model, the grey particles come from the participant volume and 
the number of participant nucleons increases as the volume of the 
75 
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cylinder cut in the target by the projectile increases. This volume 
increases with the increase in the mass of the projectile and conse-
quently the average number of grey particles increases. Figure 3.2 
shows the dependence of <N > on the mass of the projectile. The 
y 
dependence can be described by the relation 
<N > = Const. A', (3.2) 
where the best fit value of y is 0.34 + 0.11. 
3,4.2 Multiplicity Distributions 
As we have already mentioned in section (2.4) of chapter II 
that the minimum ionizing particles' tracks,i.e. shower particles' 
tracks are due to fast singly charged particles. The grey tracks are 
due to somewhat slower particles consisting of protons, deuterons, alphc 
particles, some slow mesons, etc. The black tracks are due to slow 
and evaporated fragments emitted from the excited target nucleus. 
Figures 3.3-3.6 show the multiplicity distributions of shower, 
12 grey, black and heavy particles from C-emulsion collisions at 4.5 A 
GeV/c, together with those from p-emulsion (18) and a-emulsion (19) 
collisions at 3 GeV/c and 4.5 A GeV/c respectively. From these figures 
it follows: 
(i) that the N distribution changes most strongly with the 
increase in projectile mass, its broadness subsequently 
changes its shape. The contribution from small values of 
N decreases as the projectile mass increases. s r ^ ^ 
77 
rvi 
< S N > 
1 
o 
•~ 
a> 
u 
0) 
•—' 
o 
Q. 
O ^ 
— x: 
• 4 > ^ 
o 
a 
2 
w 
m 
0 
.H 
O 
•H 
•P 
H 
ro 
a 
>-
0) 
^t 
en 
4 H 
O 
>-
•P 
•H 
O 
•H 
i H 
a 
•H 
4-> 
_ e 
0) 
en (0 
M 
<D 
> 
CO 
0) 
JC 
H 
ro 
OJ 
x: 
H 
• 
< 
*> 
0) 
.H 
•H 
4-> 
O 
0) 
• f - ) 
o 
a 
<4H 
o 
(0 
m 
e 
(U 
iz: 
-p 
M-i 
O 
c 
o 
•H 
- P 
o 
c 
3 
^H 
CD 
?-
< 
• 
P 
(0 
c 
o 
o 
11 
/\ 
p> 
c 
•H 
O 
a 
CO 
-p 
CO 
-o 
4-> 
c D^ 0) 
2 
V 
C 
o 
•H 
P 
03 
.H 
Q) 
H 
<U 
x: p 
CO 
o 
x: 
w 
OJ 
c 
•H 
r-H 
"O 
•H 
r-K 
o Cfl 
tn 
OJ 
M 
a 
CD 
x: 
•p 
CO 
fO 
o 
•H 
T3 
C 
•H 
* 
• 
.<—\ 
- P 
X 
CD 
+> 
0 
0) 
Cfl 
v^* 
# 
78 
u) w z: 
v T 
O 
U3 
n 
00 
f N 
C7> 
z 
o 
<N 
U3 
U) 
0 
O 
• H 
4-> 
H^ 
(T3 
a 
>. (D 
M 
cn 
T3 
C 
CD 
M 
<D 
5 
o £ 
07 
M-t 
O 
• CO 
-p 
ro 
cn 
c 
o 
•H W 
.(H 
r-H 
o 
O 
C 
o •H 
W 
.H 
3 
e 0) 
1 
OOJ 
•H 
0) 
c 
o 
•H 
4-» 
D 
X! 
•H 
M 
-P 
0) 
•H 
T3 
>-
+J 
•H 
O 
•H 
•H 
a 
•;^  
.H 
3 
s 
m J= 
H 
n 
c 03 
C 
O 
•H 
0) 
-H 
:J 
S 
o 
1 
a 
• k 
c 
o 
•H 
W 
e <u 1 
a 
> 
c 
•H 
« 
>. 
.H 
Q) 
> 
•H 
4J 
O 
0) 
a 0) 
a) fH 
o 
' • ^ v . 
> 
0) 
O 
< 
iD 
» 
' t 
T3 
C 
CD 
lO 
• 
-^ 
>r O oo ( 
v » 
ro 
rf\ 
h 
r) 
1 
n 
• 00 
• 
CO 
a< 
•H 
U4 
79 
C 
m 
> 
c c 
lb ai 
> > 
o rN o 
*" o o 
^ f - : : 
E E E 
U UJ LU 
1 1 1 
1 
L 
—1 L_iV-Li 
r ' i 
- U v - i 
1 
, ( J 
< n 
...J J i 
i r 
'. H 1 
1 I 1 
r--l L 
(! 
1 
i 
- ' ^ 
. J 
" I j 1 
1 r 
j — ' 
— 1 
-
Z 
s a p j t J D d (0 36D)U93Jad 
-<.v-
J= 
z 
w 
(1) 
o 
• H 
M 
to 
a 
> • 
> 
ro CD 
C 
m 
^ 
o 
ro 
.H 
X5 
H-> 
-P 
(B 
« 
C 
o 
•H W 
•H 
r H 
i H 
O 
U 
C 
O 
10 
f H 
D 
e 
1 
C) 
O Oi 
r-i 
(n 
c 
o 
•H 
-P 
D 
X! 
•H 
M 
+J 
w 
•H 
T3 
>. 
-P 
•H 
O 
•H 
H 
a 
•H 
•P 
H 
D 
e 
(U 
sz H 
T3 
C 
(T3 
c 
o 
•H 
« 
f H 
3 
£ 
1 
a 
•« 
c 
o 
•rH 
03 
. H 
D 
6 
(D 
1 
a 
c 
•H 
• 
>-
-H 
> 
•H 
-P 
O 
OJ 
a 
0) 
<u M 
o 
• \ 
> 
0 (T 
< 
lO 
• 
"^ 
-0 
c (TJ 
i n 
• 
- t 
•» 
o 
• 
n 
S ) p j ) J D d jO « 6 D ) U ) 3 J * C I 
CO 
I 
• 
0) 
•H 
80 
( i i ) tha t the N d i s t r i b u t i o n for C-emulsion c o l l i s i o n s has a 
t a i l up to 41 and d i f fe r s s ign i f i can t ly from those for p -
emulsion and a-emulsion c o l l i s i o n s ; 
( i i i ) tha t although <N.> is the same for p-emulsion, a-emulsion 
12 
and C-emulsion c o l l i s i o n s , the shapes of N, d i s t r i b u t i o n s 
12 
are d i f f e r en t . The N. d i s t r i bu t ion for C-emulsion c o l l i -
sions i s enriched by small and large values of N, ; 
( iv) tha t there i s a well expressed minimum (dip) in the N, 
12 d i s t r i b u t i o n for C-emulsion events a t N. ft;^2-3. A s imilar h 
r e s u l t v/as obtained by Chernov e t al (29) in the i r experiment 
14 
with N-emulsion at 2 .1 A GeV. From the N, d i s t r i b u t i o n h 
it is clear that most of the events in p-emulsion data are 
populated at lower values of N. and the distribution for 
a-emulsion collisions has a good proportion of events at higher 
N. values. These observations do suggest that the correlation 
of the number of intria-nucleon collisions within a given targe^ 
in emulsion due to different projectiles with N. and N shou" 
be explored. 
3.4.3 Multiplicity Correlations 
We have also studied correlations among different multiplicity 
parameters with a view to ascertaining the continuity from p-emulsion 
to nucleus-nucleus collision mechanism. Figure 3.7 shows the depen-
dence of <N' > on N . It can be seen from the figure that <N. > 
b g *-' 
displays a linear dependence on N upto N '^16 and beyond this 
A 
z 
V 
Fig 3,7 The average mu l t i p l i c i t y of black p a r t i c l e s 
as a function of the number of grey p a r t i c l e s , 
z 
F i g . 3 - 8 F i g . 3 - 9 
Figo.3o8 The dependence of the average m u l t i p l i c i t y of heavy p a r t i c l e s 
on the number of shower p a r t i c l e s . 
the r e l a t i o n <N >^ = (1.26 + 0.09) N^ 
Fig. 3.9 The dependence of the average m u l t i p l i c i t y of shower p a r t i c l e s 
on the number of heavy p a r t i c l e s . The so l id l i n e r ep re sen t s 
The sol id l i ne r ep resen t s 
+ (0.26 + 0 .03 ) . 
the r e l a t i o n <N >^ = (0.41 + 0.03) N. + (4 .81 + 0 .21 ) . 
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value, it gets saturated at <N, >~9. A similar result was obtained 
by Otterlund (37) for p-emulsion collisions over a wide range of 
energy. It means that the correlation does not depend on the mass of 
the projectile and contribution of the recoiling nucleons towards the 
excitation energy of the residual nucleus is approximately the same 
for p-nucleus and nucleus-nucleus collisions. Figures 3.8 and 3.9 
show <N, (N )> and <N (N, )> correlations. These correlations, 
like in hadron-nucleus collisions, can be represented by a linear 
relation of the type 
<N^> = a N. + b, (3.3) 
with a positive slope. 
3.5 Dependence of Multiplicity on the Number of Interacting 
Projectile Nucleons 
It is interesting to study the dependence of the average multi-
plicities of different particles on the number of nucleons m of the 
projectile that have interacted with the target. The number of projec-
tile nucleons interacting with the target is one of the basic parameters 
of the so called superposition model, wherein a nucleus-nucleus colli-
sion is described as a superposition of nucleon-nucleus collisions 
(38,39). Hence, it is important to study the dependence of several 
characteristics of multiparticle production on this quantity. This 
number can roughly be estimated using the relation 
m = 12 - 2Q, (3.4) 
where Q is the total charge of the projectile fragments. 
83 
The minimum value of Q could easily be determined from the relation 
Q"^" = N^ j^L +2N^^2 ^ 3N^^3, (3.5) 
where N i s the number of fragments with fixed charge Z; a t 
^mm _ 2^ Q^ i^" = Q, Therefore, we wi l l use for a crude c l a s s i f i c a -
12 t ion of C-emulsion c o l l i s i o n , the quanti ty 
m 
if Q"^^'' > 6 
2 ( 6 - Q"^^'') if Q"^^" < 6 
( 3 .6 ) 
12 For our C-emulsion collisions, the mean value of m was 
found to be (6.95 + 0.24). Figure 3.10 shows the dependence of the 
average multiplicities of shower, grey and black particles on m. 
One can see from the figure that <N >, <N > and <Nu^ > increase mono-
tonically with m and for <N > this increase is approximately 
linear. The mean multiplicity of shower particles per interacting 
nucleon, <N >/m, is approximately constant and is equal to (1.20 + 0.04) 
It compares well with (1.63 + 0.02) observed in p-emulsion collisions 
at 4.5 GeV/c (33) and 1.1 in "^^ N-emulsion collisions at 2.1 A GeV (29). 
These results are in agreement with assumption that nucleus-nucleus 
collisions may be considered as a superposition of 'elementary' 
nucleon-nucleus collisions. 
3.6 Angular Distributions of Secondary Particles 
The angular distribution of shower particles produced in 
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12 
C-emulsion collisions at 4.5 A GeV/c is shown in figure 3.11 in 
comparison with those for p-emulsion collisions at 3 GeV/c (18) and 
a-emulsion collisions at 4,5 A GeV/c (l9) respectively. These distri-
butions are similar except at small angles where a contribution of 
singly-charged fragments enhances the number of shower particles. The 
angular distributions of grey and black particles are shown in figures 
3.12 and 3.13 respectively. As can be seen from these figures, there 
is no dependence of these distributions on the mass of the projectile. 
This indicates that the production mechanism of heavy particles is 
probably the same in p-nucleus and nucleus-nucleus collisions. It can 
also be seen that these distributions do not exhibit any peak that 
could be attributed to the shock wave phenomenon (26, 40-42). 
3#7 Summary and Conclusions 
The analysis of 1250 C-emulsion collisions at 4.5 A GeV/c 
have been done with a view to studying the general characteristics 
12 
of C-nucleus collisions. The results are systematically compared 
with relevant data from collisions of other projectiles with emulsion 
at different energies. Following conclusions can be drawn from this 
systematic study. 
(i) The percentage of events with collisions of light nuclei (CNO) 
in emulsion decreases as the projectile mass increases, whereas 
the percentage of events with heavy nuclei (AgBr) increases with 
the projectile mass. 
(ii) The charge dependence of the mean free path of the projectile 
can be parametrizedas A = AZ , where the fitted values of 
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A and ? are 28.0 + 0.7 and 0.39 + 0.02 respectively. 
(iii) The mean multiplicity of black particles ^^Y,> does not depend 
on the mass of the projectile. However, the mean multiplicity 
of grey particles ^^„> depends on the mass of the projectile. 
This result can be explain on the basis of fire-ball model. 
12 (iv) The dependence of <Nh'* ^^ ^a ^^ C-emulsion collisions 
is almost the same as in p-emulsion collisions. The dependence 
of <N > on N, and <N. > on N„ is also the same as p-
s h h s 
nucleus and can be represented by a straight line equation with 
positive slope. 
(v) The average number of interacting nucleons of projectile is 
12 found to be (6.95 + 0.24) in case of C-emulsion collisions 
and the mean multiplicity of shower particles per interacting 
nucleon is found to be approximately the same as the mean 
multiplicity of shower particles per interacting nucleon in 
14 p-emulsion and N-emulsion collisions. 
(vi) The angular distributions of shower, grey and black particles 
do not depend on the mass of the projectile and the target. 
The angular distributions of grey and black particles show no 
significant peaks which could be attributed to the shock wave 
phenomenon. 
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CHAPTER IV 
FRAGMENTATION OF RELATIVISTIC CARBON NUCLEI IN 
EMULSION* 
* Results to be published in Nuclear Physics A (1989) 
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4.1 Introduction 
The first experimental information about the fragmentation of 
nuclei was obtained in experiments with cosmic rays (1,2). Accelera-
tion of nuclei to relativistic energies at Berkeley and Dubna provided 
an apportunity to study this phenomenon in a systematic manner. Study 
of the fragmentation of nuclei permits qualitative information to be 
obtained on the internal structure of nuclei under conditions of small 
transfer of energy-momentum. Further knowledge of fragmentation para-
meters is required for estimating the abundances of cosmic ray nuclei 
at their sources from their abundances at the top of the atmosphere. 
The geometrical aspects of the fragmentation of a nucleus can be 
understood in terms of the participant-spectator model (3-5). According 
to this model, at finite impact parameter three regions are produced 
after a collision between two nuclei. The participant region, the 
projectile spectator region and the target spectator region. The 
projectile spectator decays mainly into nuclear clusters since very 
little momentum transfer is required to form these fragments. The 
projectile fragments may thus be useful in determining the momentum 
distribution of a nuclear cluster inside the projectile nucleus. At 
relativistic energies, the separation in rapidity between projectile 
and target fragments is large, 2 ^ unit of rapidity. Consequently, 
no correlation exists between the projectile and target fragments and 
therefore the modes of fragmentation are independent of the target 
mass (6-8). The fragmentation cross-section can thus be factorized 
into projectile and target related parts. 
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In inclusive experiments in which fragments (0 < 0.7°) of 
light nuclei were detected with a spectrometer and there was no 
restriction on the degree of target excitation, the factorization 
has been found to be valid (7). Exceptions to strict factorization 
have however been observed for fragmentation reactions in hydrogen (8) 
and for heavy target where single nucleon stripping is increased by 
the dissociation of carbon and oxygen projectiles in the virtual 
photon field of the target nucleus (9). 
Another important feature of the projectile fragmentation is 
that it exhibits features of limiting fragmentation. This means that 
a distribution of products with finite energies in the rest frame of 
the projectile or the target approaches a limiting form as the projec-
tile energy increases. Greiner et al (7) have studied the momentum 
distribution of carbon fragments in the projectile rest frame at 
energies 1.05 and 2.1 A GeV and found that the widths of the distri-
butions were independent of energy. In some emulsion experiments, the 
angular distributions of projectile fragments for events exhibiting 
either no or very small target excitation exhibited features of 
limiting fragmentation (10,11). 
In this chapter we study the fragmentation of relativistic 
carbon nuclei in emulsion at 4.5 A GeV/c. With a view to testing 
the validity of factorization and limiting fragmentation observed in 
inclusive experiments, the projected angular distributions and momentuir, 
12 distributions of C-fragments have been studied and compared with 
similar distributions at different energies. Azimuthal correlations 
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have also been studied for Z = 2 and Z 2 3 fragments. Special atten-
tion has been paid to helium fragments. For this prupose events have 
been divided into different reaction channels, according to the number 
of helium fragments emitted and various characteristics of helium 
fragments have been studied in each channel. 
4.2 Multiplicities of Projectile Fragments 
Berkeley group (6,7,12), using a spectrometer, studied the 
4 12 14 
single particle inclusive spectrum of fragments of He, C, N and 
0 at 2.1 A GeV/c, emitted near 0°. They found that the fragmentation 
cross-sections could be factorized into projectile and target related 
parts. In other words, the charge composition of projectile fragments 
does not depend on the mass of the target. 
Data on multiplicities of fragments of different charges in 
12 different target groups of C-emulsion collisions are presented in 
Table 4.1 and 4.2. It can be seen from these tables that the multi-
plicity of fragments decreases as the charge of the fragments increases 
Also for a fragment of a given charge, the multiplicity decreases with 
increasing mass of the target. Thus the composition of fragments 
depends considerably on the mass of the target. This is an explicit 
violation of the principle of factorization. It was also observed by 
the Berkeley group that the ratios of different cross-sections for 
the production of fragments near 0° in different targets are constant 
and approximately equal to the ratios of the geometrical cross-sections 
The results presented in Table 4.3 contradict this statement also. 
In fact the results indicate that there is a considerable dependence 
of the cross-section on the mass of the target. 
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TABLE 4.2 
12 Charge composition of projectile fragments in C-emulsion collisions 
at 4.5 A GeV/c. 
Multiplicity ratio 
Target nucleus 
H CNO AgBr 
<\ = 2> 
<^z = 1> 
<^z >3> 
<Wz = 1> 
<Nz 2 3> 
<^ z^ = 2> 
2.18 + 0.28 0.98 + 0.09 0.52 + 0.06 
0.47 + 0.07 0.31 + 0.04 0.19 + 0.03 
0.22 + 0.03 0.32 + 0.04 0.36 + 0.06 
TABLE 4.3 
The ratio of the average multiplicities of projectile fragments 
for different target combinations. 
Charge of 
fragments 
Z = 1 
Z = 2 
Z 2 3 
<^z> CNO 
<^z>H 
1.20 + 0.13 
0.56 + 0.06 
0.80 + 0.13 
<^ z> AgBr 
0.90 + 0.11 
0.22 + 0.03 
0.36 + 0.07 
^^z^ AgBr 
<^z> CNO 
0.75 + 0.07 
0.40 + 0.05 
0.45 + 0.08 
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Thus our r e s u l t s on the m u l t i p l i c i t i e s of fragments from the 
fragmentation of carbon nuclei in emulsion a t 4.5 A GeV/c show tha t 
the f ac to r i za t i on observed in e lec t ronic experiments for fragments 
emitted near 0*'^  has a r e s t r i c t e d region of a p p l i c a b i l i t y . I t i s 
broken in an emulsion experiment wherein the t o t a l c ross -sec t ions are 
14 
measured. Similar r e s u l t s have also been obtained in case of N 
and Fe p r o j e c t i l e s (11 ,15 ,17) . 
Figure 4 .1 shows the mu l t i p l i c i t y d i s t r i b u t i o n s of Z = 1,2,3 
and 2 4 fragments. M u l t i p l i c i t i e s n > 1 for Z = 3 fragments are 
very r a r e . Out of 1250 co l l i s i ons we found only 17 events in which 
two Z = 3 fragments were emit ted. The breakup in d i f fe ren t t a r g e t 
groups was: lOC""" C - H) group, 7( C - CNO) group and n i l ( C - AgBr) 
group. The cross-sec t ion for the process in which carbon nuc le i 
breakup into two Z = 3 fragments comes about 1.36x10 of the t o t a l 
i n e l a s t i c c ross - sec t ion . This value con t rad ic t s the r e s u l t s of 
Jakobsson e t al (13) and Judek e t al (14) who did not f ind even a 
single event emitt ing two fragments with Z ^ 3 . The corresponding 
values obtained by Jakobsson e t al ( l3) and Judek e t al ( l4) are 
- 3 - 3 
respec t ive ly 3.7x10 and 1.3x10 . I t i s worth mentioning here 
tha t in the present experiment the charge of the fragments has been 
measured by doing ionizat ion measurement and by 6-ray count method. 
The charge ca l ib ra t ion has been done with the help of events in which 
p ro j ec t i l e carbon nucleus i s d issocia ted into three Z = 2 fragments. 
Thus in our experiment charge measurement i s very r e l i a b l e . 
I t would be i n t r e s t i ng to inves t iga te the dependence of the 
average m u l t i p l i c i t i e s of fragments, <N > on the mass of the p ro j ec t i l e , 
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In fig. 4.2, <N^> is plotted against A, the mass number of the 
projectile, for fragments with charge Z = 1,2, and 2 3. Data of 
other projectiles have been taken from references 15-18. An expression 
of the type <Up = Const, A"' can well describe the dependence. The 
best fit values of a are (0.76 + 0.08), (0.50 + 0.26) and (1.22 +0.23] 
for fragments with charge Z = 1,2 and 2 ^ respectively. 
Figure 4.3 shows the dependence of the average multiplicity of 
Z = 2 and multicharged (Z 2 3) fragments on <N. >, which is a measure 
of target excitation and also a characteristic of impact parameter. 
It can be seen from the figure that the multiplicity of Z = 2 fragment; 
decreases as Nv increases. The large multiplicity of Z = 2 fragment; 
at N. =0,1 is due to extreme perpheral collisions with very small 
target excitation and no emission of Z = 2 fragments at N, 2 ^^ 
is due to central collisions of the projectile with AgBr nuclei in 
which all nuclei of the projectile participate. Like Z = 2 fragments, 
the multiplicity of multicharge fragments (Z 2 3) also decreases 
with N. . This result is in agreement with the picture of smooth 
variation of projectile spectators with changing impact parameter (19). 
4.3 Angular Distribution of Projectile Fragments 
Lepore and Riddell (20) have studied the fragmentation of rela-
tivistic nuclei using the sudden approximation and shell model functions 
They have shown that the momentum distribution of fragments in projec-
tile rest frame is approximately Gaussian and the width of the distri-
bution is given by 
a^(P) = [muiAp(Ap - Ap)/2Ap] (MeV), (4.1) 
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100 
<Nh> 
Fig. 4.3 The average multiplicity of projectile 
fragments (Z = 2 and Z _> 3) as a function 
of the average target particle multiplicity 
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where m is the mass of the proton in MeV, Ap is the mass number of 
the projectile, Ap is the mass number of the fragment and co = 45 ^  ' 
- 25 A^ . The width of the corresponding projected angular distri-
bution in the laboratory frame can be obtained using the following 
relation 
CJ(P) . Ap 
Sina(OD) = (4.2) 
P o - ^ 
where P is the projectile momentum. From equations (4.1) and (4.2), 
it is clear that the width of the momentum or projected angular distri-
bution is independent of target mass. 
Figures 4.4 - 4.6 show the projected angular distributions 
of fragments with Z = (1-5) for different target groups produced in 
inelastic collisions of carbon nuclei in emulsion at 4.5 A GeV/c. A 
Gaussian curve of the form 
N(9p) =: A exp (- 9^/2a^) , (4.3) 
was fitted to each of these distributions (excepting Z = 1 fragments) 
and the standard deviation a in each case was found. It is evident 
from figures 4.4 - 4.6 that, excepting Z = 1,2 fragments, the widths 
of the distributions of fragments of charge Z = 3-5 are the same 
within statistical errors. This observation is not in agreement with 
equation (4.2) which predicts that the angular distribution becomes 
narrower as the charge of the fragment increases. However, it should 
be mentioned that statistics of fragments of charge Z = 3-5 are not 
very good. 
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Fig. 4.4 
10-0 15-0 
Proj fcted angle (dtg) 
The projected angular distributions of Z = 1 
fragments in different target groups with double 
Gaussian curves fitted to the data. 
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3 0 0 -
200 
100 -
c 
Projfcted angle (deg) 
Fig.A.5 The projected angular distributions of Z = 2 
fragments in different target groups with ^ 
Gaussian curves fitted to the data for 6p <. 2 , 
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Fig.4-6 The p r o j e c t e d angular d i s t r i b u t i o n s of mul t i cha rged fragments 
with Gaussian curves f i t t e d to the d a t a ; f o r Z = 3 f ragments , 
6p < i - 5 ° ; Z = 4 f ragments , 0p < 1 .0° ; Z = 5 f ragments , 
©p < 1 .0° . 
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The angular distribution of Z = 1 fragments (Fig. 4.4) for 
different target groups consists of a narrow forward peak superimposed 
upon a large angle broad distribution. The composition of Z = 1 
fragments includes all singly charged particles, protons, deuterons, 
pions etc., having ionization g < 1.4 g . The particles lying within 
the forward narrow peak are predominantly singly charged fragments, 
although a small number of pions may also be present. The particles 
lying within the large angle broad distribution are primarily pions, 
although nucleons with high transverse momentum, as suggested by the 
fire-ball model (21), may also be present. A double Gaussian distri-
bution of the form 
N(0p) = A exp (- 0p/2a^) + B exp ( - ©p/2(y2) (4.4) 
was fitted. The fitted values of a, and a^ for different target 
groups are also shown in fig. 4.4 . The values of a, for different 
target are approximately constant and compare well with the theoretical 
values calculated from equation (4.2). It should be mentioned here 
that the values of a, are not very reliable because of the presence 
of the broad distribution. 
The projected angular distributions for Z = 2 fragments for 
12 12 12 12 
C - H, C - CNO, C - AgBr and C-emulsion collisions are shown 
in fig. 4.5 along with the fitted Gaussian curves (equation 4.3) for 
®p 1 2:°. The values of a are also shown in the figure. Figure 4.6 
shows the projected angular distributions of Z = (3-5) fragments. 
12 
Due to low s t a t i s t i c s of these fragments, d i s t r i b u t i o n s for C-(H + CM 
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12 
and C-emulsion only have been plotted. The values of standard 
deviations of the fitted Gaussian curves (equation 4.3) are also 
shown in the figures. 
Table 4.4 presents the summary of results on the projected 
angular distributions of projectile fragments. Also presented in the 
table are a values calculated using equation (4.2). For the calcu-
lation of a for Z = 1 fragments we used weight factors for p,d 
and t equal to their fraction obtained in reference (22). For 
3 4 
Z = 2 fragments, the weights of He and He were calculated using 
the isotropic production cross-section data of Lindstrom et al (8). 
It can be noted from the table that a values are higher than those 
predicted by equation (4.2). The deviation from the theoretical values 
increases with the charge of the fragment. Further, our results on 
the projected angular distributions are not in agreement with those 
of Heckman et al (10) and Bhanja et al (11). Heckman et al (lO) studie 
the projected angular distributions of Z = 2 fragments from collision 
of C, N and 0 nuclei in emulsion at an energy of 2.1 A GeV. 
For N. = 0 events, the values of standard deviation are in agreement 
with those predicted by equation (4.2). Bhanja et al (ll) studied 
the projected angular distributions of fragments with charge Z = 2,3,4 
14 
and 5 from collisions of N with emulsion nuclei at an energy of 
2.1 A GeV. For events with N, <_ 8, the values of standard deviation 
are in agreement with those expected from equation (4.2), 
In order to test the validity of the limiting fragmentation 
for C-emulsion collisions at energy 3.7 A GeV (momentum 4.5 A GeV/c), 
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we present in Table 4.5 a(P) values calculated, using equation (4.2), 
from the observed a(0p) values for fragments of different charges. 
Also presented in the table are cy(P) values obtained by Greiner et al 
(7) for fragments with Z = 2",3,4 and 5 from the fragmentation of 
12 
C nuclei with energies 1.05 and 2.1 A GeV. The cr(P) values at 
3.7 A GeV obtained in the present experiment are higher than those 
at 1.05 and 2.1 A GeV obtained by Greiner et al (7). This is a clear 
violation of the limiting fragmentation which requires the width of 
momentum distribution of fragments to be independent of energy. 
4.4 Emission of Z = 2 Fragments in Different Reaction Channels 
In this section we study the production of Z = 2 fragments 
in detail by studying their features in different reaction channels. 
4,4,1 General Characteristics of the Reaction Channels 
4 
The sample of events emitting He fragments were divided into 
different types of reaction channels. The different reaction channels 
are defined as follows: 
(a) 3 X He channel - the projectile breaks up into three Z = 2 
fragments; 
(b) 2 X He channel - the projectile breaks up into two Z = 2 
fragments and singly charged particles; 
(c) 1 X He channel - the projectile breaks up into one Z = 2 
fragment and singly charged particles; 
(d) 1 X He + F^ 2 channel - the projectile breaks up into one Z = 2 
and one Z = 3 or 4 fragment. 
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Table 4.6 shows the percentage of occurrence of different 
reaction channels for different target groups and similar data for 
•'•'^ N(17) and "^ 0^(13) projectiles. 
4.4.2 Correlations Between the Projectile and Target Breakup 
To study the correlation between the projectile and target 
breakup, we present in Table 4.7 the average target particle multi-
plicity, <Nu^ > in all channels for various target groups. We observe 
that the mode of projectile breakup is almost independent of the target 
breakup for CNO and AgBr targets, although a weak dependence of <N. > 
on the degree of projectile breakno cannot be ruled out. We also notice 
that <n^> for 3 X He is 1.22 + 0.14 while it is 2.94 + 0.49 for 
1 X He + F .2 channel for the combination of all targets, although 
both channels represent peripheral collisions. The difference in <Nv> 
values is due to the presence of diffraction dissociation events in 
12 
3 X He channel in which the projectile C breaks up into three Z = 2 
fragments without any target excitation. If we exclude these events, 
<N.> for 3 x He channel becomes 2.89 + 0.44, which is comparable 
to the corresponding value 2.94 + 0.49 for 1 x He + F .^ channel. 
Figure 4.7 shows the dependence of the average multiplicity 
of Z = 2 fragments with the degree of target breakup <N. > for different 
reaction channels. We observe that while 3 x He and 1 x He + F„. ,, 
channels extend upto N. = 10 only, 1 x He and 2 x He channels 
extend upto N, = 24. Moreover, the average multiplicity of Z = 2 
fragments in all channels decreases with <N. >, excepting 1 x He channeJ 
for which it remains almost constant over a wide range of <Nu>. These 
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Fig. A-7 The average multiplicity of Z = 2 fragments 
as a function of the average target particle 
multiplicity in different reaction channels. 
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results indicate that 3 x He and 1 x He + F ,3 channels represent 
peripheral collisions while 1 x He channel represents more violent 
collisions of the projectile with the target. 
Figure 4.8 shows the dependence of the average angle of 
emission of Z = 2 fragments of <N, > for different channels. An 
examination of the figure shows that the average angle of emission 
is almost independent of N. . 
4.4.3 Angular Distribution of Fragments in Different Reaction Channels 
Figure 4.9 shows the projected angular distributions of Z = 2 
fragments in different reaction channels for different target groups 
along with the fitted Gaussian curves. The values of the standard 
deviation a of the fitted curves with x /DOF are given in the 
figures. The notable features of these distributions are as follows: 
In each channel, the values of a for different target groups 
are comparable within statistical errors. The values of o for 
3 X He and 1 x He + F ^ channels are almost the same, thus confirming 
our earlier observation that both these channels represent peripheral 
collisions. The values of a exhibit a weak dependence on the degree 
of projectile breakup. The angular distribution of He fragments in 
all the channels combined together (N. 2 0» ^^9» 4.5) also has a 
Gaussian shape having comparable a values which implies no correla-
tions between the nucleons in the projectile as predicted by Goldhaber 
fragmentation process. Any correlation among nucleons in the projectile 
would have otherwise been reflected in the distribution of fragments in 
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0 1 2 
Projected angle (deg) 
Fig.;-9 The projected angular distributions of Z = 2 
fragments in different target groups and in • 
different reaction channels with Gaussian curves 
fitted to the data. 
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individual channels. The slight difference in o values of 3 x He 
and 1 X He + F ^ with other channels may be reflection of such 
outgoing He fragments as have been imparted a large transverse 
momentum. 
4,5 Transverse Momentum Distribution 
Much information about the dynamics of the fragmentation process 
can be obtained from the analysis of momentum distribution of fragments 
A very important result found in the inclusive experiments (7) is that 
the momentum distributions of the fragments have approximately a 
Gaussian shape in the rest frame of the fragmenting nucleus. The 
momentum distribution has also a parabolic dependence on the mass of 
the fragment. These regularities follow naturally from the statistical 
approach to the fragmentation process with minimal correlations between 
momenta of intranuclear nucleons. 
In an emulsion experiment it is not possible to make direct 
measurement of momentum of high energy projectile fragments. However, 
the transverse momentum can indirectly be estimated using the fact 
that the fragments have nearly the same momentum per nucleon as that 
of the projectile. Thus the transverse momentum of a frament of charge 
Z can be calculated using the relation (15) 
^t ^ ApP^sinG , (4.5) 
where P is the momentum per nucleon of the projectile, Ap is the 
mass number of the fragment and © is the angle of emission of the 
118 
fragment. For fragments with Z £ 2 the above relation gives a 
reliable estimate of the transverse momentum. However, due to the 
general excess of neutron-rich isotopes, it gives a lower limit for 
the transverse momentum of fragments with Z 2 3. 
Table 4.8 gives the average transverse momentum <P+> of fragment 
12 
with different charges in collision of C with different target groups 
We note that <P^> increases with the mass of the target. Figures 4.10 
and 4.11 shovi/ the transverse momentum distributions of fragments with 
charge Z 2. 2. For Z = 2 fragments, these distributions are plotted 
for different target groups. Each of these distributions is fitted 
with a curve of the type 
N(P^) == AP^ exp ( - P^/2a^), (4.6) 
with a = {2/%)^' <P^> for P^ <. 500 MeV/c. The curve is expected 
if each component of transverse momentum, P and P , follows a 
x y 
Gaussian distribution (23,24) 
N(P) = A exp ( - P^/2cj^). (4.7) 
It should be mentioned here that if we include fragments with 
P. > 500 MeV/c, the P. distribution cannot be fitted with the curve 
given by equation (4.6). 
The observed values of cj(P) can be related to the nuclear 
2 o 
Fermi momentum, P- (l/5 < '9^> = l/3 < P >), assuming 1h e sudden 
emission of a-clusters (23,24). The relation comes out "to be 
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Fig. 4'11 The t ransverse momentum d i s t r i b u t i o n s of 
Z = 3 , 4 and 5 fragments with Gaussian 
curves f i t t e d to the data for P^ <, 500 MeV/c, 
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2 
Pf Ap (Ap - Ap) 
cj2(p) == , ( 4 .8 ) 
5 (Ap - 1) 
and if i t i s assumed t h a t the nucleus comes to thermal e q u i l i b r i u m , 
a(P) can a l s o be r e l a t e d to the e x c i t a t i o n energy , KT, through the 
r e l a t i o n 
m (Ap - Ap) Ap 
Ar 
cJ^(P) == KT , ( 4 . 9 ) 
where Ap and A- are respectively the masses of the projectile and 
the fragment and m is the mass of the proton. 
Table 4.9 presents values of a(P) for fragments of different 
charges along with the values of P^ and KT, calculated using rela-
tions (4.8) and (4.9). The values of nuclear Fermi momentum obtained 
in the present experiment are comparable to those obtained in electron 
scattering experiment of Moniz et al (25). We further notice that the 
values of the excitation energy KT are also comparable to the bindinc 
energy per nucleon, indicating that very small energy transfer takes 
place between the target and fragments during the fragmentation process 
4.6 Azimuthal Correlations 
In the last section we studied the transverse momentum distri-
butions of fragments and it was observed that the presence of high P. 
tail distorts the distribution and increases <P+> of fragments. This 
may be due to the transverse motion and/or the angular momentum of the 
fragmenting projectile spectator. These features of the projectile 
spectator can be detected by studying the azimuthal correlations among 
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the f ragments . For example, a t r a n s v e r s e mot ion /angu la r momentum of 
the p r o j e c t i l e s p e c t a t o r may lead to non-zero va lue of c o e f f i c i e n t of 
asymmetry ( A ) / C o l l i n e a r i t y ( B ) . These c o e f f i c i e n t s a re de f ined as 
•n do 71/2 do % da 
A = ( / — d6 - / — d O / / — d4 (4 .10 ) 
%/2 dfe 0 dfe o dfr 
and 
11/4 do 371/4 do 71 do 71 do 
B = ( / de - f, ci6 + / d6 ) / / — d^ , 
o dt i t /4 d t 371/4 dfe 0 dfr 
(4 .11 ) 
where ^ is the angle between the transverse momenta of the fragments. 
i can be calculated using the relation 
C ^ti ^tj 
S , = Cosh =5 =; , (4.12) 
I Pti M Ptj I 
-> —> 
Where P.. and P.. are the transverse momenta of the ith and jth 
ti tj -^  
particles respectively. In Table 4.10 we present the values of A 
12 
and B for fragments with Z = 2 produced in collisions of C with 
different target groups and for Z ^  3. An examination of the table 
shows that there are significant, if not large, correlations among the 
projectile fragments. This indicates that the fragmenting nucleus gets 
a transverse momentum during the collision. 
12 4.7 Diffraction Dissociation of C in Nuclear Emulsion 
In this section we discuss the diffraction dissociation of 
4 12 4 
r e l a t i v i s t i c carbon nucleus i n t o th ree He fragments ( C > 3 He) 
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TABLE 4.10 
Values of A and B in v a r i o u s subensembles of even t s 
Ensemble A B 
Z = 2 
12 
C-H 
12 
•^  C-CNO 
12 
C-AgBr 
C-Em 
Z 2 3 
12^ r^ 
- 0 . 0 8 9 + 0.017 
-0 .066 + 0.014 
-0 .102 + 0 .028 
- 0 . 0 8 5 + 0 .010 
-0 .147 + 0.030 
"C-Em 
-0.020 + 0.008 
-0.066 + 0.014 
-0.068 + 0.022 
-0.047 + 0.008 
-0.021 + 0.011 
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a t 4 . 5 A GeV/c. In our sample of 1250 e v e n t s , 26 belong to t h i s ca te-
gory which i s 2.08>< of the t o t a l i n e l a s t i c c o l l i s i o n s . 
4 
We assume t h a t t he momentum of each He fragment e m i t t e d m a 
d i s s o c i a t e d event i s equal to one t h i r d of the p r o j e c t i l e nuc leus 
4 
momentum P . Consequent ly , t he t r a n s v e r s e momentum of each He 
fragment i s given by 
^ i = 3 ^ 0 S i " ® i ' (^-13^ 
r e 0 . i s the angle of emiss ion of the fragment . The v e c t o r sum whe 
of q. in each event is equal to the transverse momentum transferred 
12 to the C nucleus in the diffraction dissociation process. Therefore, 
4 
to a first approximation, the transverse momentum of each He particle 
12 inside the C nucleus is represented by 
•q! = q. - - E q, . (4.14) 
^ ^ 3 i=l ^ 
4 
Figure 4.12 shows the transverse momentum distribution of He 
* 
particles inside the carbon projectile nucleus, q , In the case of 
the diffraction dissociation events, it has been observed that in most 
4 
of the events, two He fragments are emitted within a very narrow angle 
about the beam direction, i.e., having low transverse momentum. The 
4 
third He fragment is emitted at relatively large angle, i.e., it has 
a relatively large transverse momentum, probably to compensate for 
4 
the sum of transverse momenta of other two He particles. This indica-
12 4 tes that the dissociation of C to 3 He goes through an intermediate 
Be state. 
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cr 
c 
q*(MeV/c) 
Fig. ^ '12 The transverse momentum distribution 
4 
of He particles inside the carbon 
projectile nucleus as deduced from 
12. 3 He dissociation events. 
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4,8 Summary and Conclusions 
From the detailed investigation of the fragmentation of 
12 
C-nuclei in nuclear emulsion, the following conclusions can be 
drawn. 
( i ) The fac to r i za t ion of c ross-sec t ion observed in 0 e l ec t ron ic 
experiments does not hold in the present emulsion experiment 
wherein the t o t a l c ross-sec t ions have been measured. 
( i i ) The cross-sec t ion of the react ion in which the p r o j e c t i l e 
12 -2 
C-nucleus breaks up into two Li fragments i s 1.36x10 
of the t o t a l i n e l a s t i c c ross -sec t ion . 
( i i i ) The average m u l t i p l i c i t i e s of fragments of a l l charges i s found 
to increase with the mass of the p r o j e c t i l e and the dependence 
can be well described by the r e l a t i on of type: <N > = Const. A '^. 
(iv) Analysis of angular d i s t r i b u t i o n of p r o j e c t i l e fragments ind ica t 
tha t for a given charge, the d i s t r i b u t i o n is independent of the 
t a rge t mass, excepting Z = 2 fragments for which a weak ta rge t 
mass dependence i s observed. The observed a values are higher 
than those predicted by Lepore and Reddell (20) . Fur ther , the 
analys is also indica tes tha t the l imi t ing fragmentation observed 
by Greiner e t al (7) for fragments from the fragmentation of 
12 
C nuclei with energies 1.05 and 2.1 A GeV is not valid for 
12 fragments from the fragmentations of C nuclei with energy 
3.7 A GeV. 
(v) Analysis of angular distributions of Z = 2 fragments in differeni 
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channels indicates that no correlation exists between nucleons 
12 in C projectile. This result is in agreement with Goldhaber 
model of nuclear fragmentation. 
(vi) Presence of large P. particles distorts the transverse 
momentum distributions. However, for P. <_ 500 MeV/c, the 
distributions agree with the predictions of the fragmentation 
model. 
(vii) The value of nuclear Fermi momentum calculated from the observed 
values of cy(P) is in agreement with that obtained in electron 
scattering experiment. Further, the observed excitation energy 
is of the order of binding energy per nucleon, indicating that 
little energy transfer takes place during the fragmentation of 
C-nuclei. 
(viii) The emission of fragments is asymmetrical in the azimuthal plane, 
which could mean that the fragmenting residual nucleus gets a 
transverse momentum during the collision process. 
12 4 ( ix) The diffraction dissociation events of C > 3 He are 2.08;^  
of the total inelastic collisions. The study of such events 
indicates that this reaction goes through an intermediate 
Be state. 
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CHAPTER V 
INTERACTION MEAN FREE PATH OF PROJECTILE FRAGMENTS FROM 
•"•^ C-EMULSION COLLISIONS* 
* Result published in Nuovo Cimento A, Vol. 101, 93 (1989) 
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5.1 Introduction 
In the fifties certain events observed in cosmic ray experiments 
using emulsion showed chain of collisions produced successively by 
fragments (1-4).. The path lengths of these fragments prior to the 
colliding were so much smaller than their normal mean free path (mfp) 
that there was a suspicion that these fragments were of anomalous 
character having abnormally large reaction cross-sections. These 
projectile fragments of anomalously small interaction mfp were later 
given the name anomalons. However, because of limited statistics, 
possible uncertainties and the impossibility of such a component within 
known nuclear physics, these observations were not widely accepted. 
In subsequent years, many more experiments, designed specifically 
for the search of anomalons, were performed. These experiments utilized 
heavy ion beams from the LBL Bevalac and Dubna synchrophastron with 
maximum kinetic energy of around 3.7 A GeV. The detectors used in 
these experiments were not only nuclear emulsions but also CR-39 
plastic detector, cerenkov counter, bubble chamber^ etc. Also a variety 
19 84 
of incident nuclei was chosen, ranging from C to Kr. The results 
obtained were quite confusing, some supporting while others refuting 
the existence of anomalons. 
From theoretical side, a substantial number of suggestions have 
been put forward to explain the possible existence of anomalons. Some 
of these suggestions are comparatively conventional, making use of well 
established ideas in nuclear and particle Physics (5-7), while the 
other are highly exotic, explaining the phenomenon in terms of colour 
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polarization of quarks (8). In the following we will review the work 
on anomalons using various types of detectors and beams. 
Initial information about anomalons came from experiments in 
which emulsions were exposed to cosmic rays at high altitudes. Milone 
(l) in his experiment found an event of nuclear disintegration of a 
heavy projectile, having charge Z = 13 + 1 and energy ^  9 A GeV, 
producing a cascade with four stages (Fig. 5.1). The interaction 
mfp was 1.89 cm which was about seven times smaller than expected. 
Some more examples of such type of disintegration are also schemati-
cally shown in fig. 5.1 (2-4). Detailed and systematic study of 
anomalons was performed by Judek et al (9) with cosmic rays and 
emulsion as detector. They analyzed the data of charge Z >_ 2 in 
various ways and observed the following facts concerning the anomalons. 
(i) The mfp of the anomalous component was roughly of the order of 
3 cm and was observed in collisions with N. = 0. 
(ii) Transition from anomalous to the normal value of collision 
length occurs beyond 3 or 4 cm from the primary collision. 
(iii) Anomalous He fragments are observed only in collisions with 
(iv) Collisions initiated by the anomalous fragments were similar 
to those produced by the other nuclei of the same charges and 
having the characteristics of typical nuclear collision. 
Due to low statistics, the cosmic ray experiments could not 
establish any conclusion strongly. The availability of relativistic 
134 
( i ) 0cm 3-64 ^ 2-3 13 ^ 8 
10 ^ 0 6 ^ AMilone (1954), Ev^9A Gev . 
D 0-785 ^ 0-654 S.Tokunqa et al (1957) 
A E i ^ SOOAGev 
P-rCI^ X 10'^ 
0103 H.Yadcla (1957) E^ ISAGev 
^2^'-' l"---^ 
,^d 
Pu>2 X 10 -7 
r - - ' 2 625, 
B.Judek(l968) 
V ' L ' 0 P*^0-5x10^ 
• 0 
Fig. 5-1 Multi-chain events from cosmic ray s tud ies . 
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heavy ion beams from accelerator in the early seventies provided an 
opportunity to perform controlled high statistics experinents to find 
the solution to this problem. Consequently, a large number of experi-
ments were performed to study the anomalous behaviour of projectile 
fragments. 
Anomalous behaviour of Z = 2 fragments from various projectile? 
with different energies was studied by various workers. Jain et al (lO] 
have studied the anomalous behaviour of Z = 2 fragments produced in 
collisions of 2 A GeV *^ Ar and ^^Fe projectiles in emulsion. They 
reported negative result about the existence of anomalons. El-Nadi 
et al (11) have also studied the anomalous behaviour of Z = 2 frag-
12 
ments produced in collisions of '^3.66 A GeV C projectile. They 
separated the data according to the number of heavily ionizing parti-
cles, Nu. This separation is useful since it is generally believed 
that small values of N, are associated with peripheral collisions. 
Their result shows that Z = 2 fragments from peripheral collisions 
(N, = 0 events) exhibit anomalous behaviour while fragments from 
collisions with N, 2 1 clo not exhibit any anomalous behaviour. 
56 
Ganssauge et al (12) in their experiment with Fe projectile at 
1.9 A GeV have analyzed the data in a different way. They divided 
the events into two categories, namely hot events and cold events. 
An examination of the interaction mfp of Z = 2 fragments gives a clea; 
hint towards a correlation between an anomalously short mfp of those 
fragments which are produced in cold collisions. Ghosh et al (13) have 
studied the anomalous behaviour of Z = 2 fragments produced in 
12 
collisions of /--'3.66 A GeV C projectile. They reported positive 
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result about the existence of anomalons. Recently, a high statistics 
experiment has been performed by Jain et al (l4) to study the anomalous 
behaviour of Z = 2 fragments. They studied the behaviour of fragment* 
40 56 84 from collisions of Ar, Fe and Kr with emulsion at energy 
'^2 A GeV. The result shows no anomalous effect in Z = 2 fragments. 
More recently Beri et al (15) in their high statistics experiment with 
40 
Ar beam at 1.8 A GeV reported no anomalon effect in Z = 2 fragments. 
Many more workers (16-18) have also supported the non-existence of 
anomalons in Z = 2 fragments. 
Anomalous behaviour of multicharged (Z ^  3) fragments has 
also been studied by many workers using various beam nuclei at various 
energies. Results obtained by Jain and Das (19) and by Aggarwal et al 
(20) have given an indication about the existence of anomalons. These 
workers used 2 A GeV Ar and Fe beams and nuclear emulsion as 
detector. The projectile fragments having charge 3 _< Z _< 26 were 
analyzed by them, Friedlander et al (21) exposed emulsion stacks to 
0 and Fe beams at 2 A GeV and carried out a systematic study 
of projectile fragments of charge 3 £ Z <_ 26. They suggested that 
6'/. of the projectile fragments have anomalous behaviour with interactior 
84 
mfp 2.5 cm. Jain et al (22) in another experiment with Kr projec-
tile at 1,52 A GeV analyzed the data for the fragments of charge 
15 <_ Z <_ 36 and reported the positive effect of anomalons. BCJJL 
40 Collaboration (15,16) using G5 emulsion and Ar beams at 1.8 A GeV 
studied the mfp of 3 j< Z <_ 18 charged fragments with high statistics. 
Results obtained by these workers are against the anomalons effect. 
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Bannik et al (23) in their experiment with BR-2 emulsion stacks exposed 
to the beam of '"Tsle nuclei with the momentum 4.1 A GeV/c analyzed 6053 
collisions of secondary fragments with charge 3 £ Z X 10. Statistical 
analysis of interaction mfp of these fragments was performed. No 
dependence of interaction mfp on the distance from interaction vertex 
was observed. Baroni et al (24) analyzed the fragments of charge 
56 3 ^  Z £ 26 emitted from collisions of Fe projectile having energy 
1.9 A GeV. They also observed the null effect. Recently Jain et al 
(25) studied the secondary projectile fragments of charge 3 j< Z <_ 14 
84 40 from collisions of Kr and Ar nuclei with emulsion at 1.52 A GeV 
and 2 A GeV respectively. They did not observe any evidence for 
anomalous fragments. 
Besides emulsion, various types of detectors like plastic track 
detectors, corenkov counter, bubble chamber,etc. have been used to 
study the anomalous behaviour of projectile fragments. In the following 
we will summarize the results of various experiments performed using 
these detectors. 
For the study of anomalous behaviour of projectile fragments, 
some experiments using plastic track detector have been performed, 
Tincknell et al (26) in their experiment using this detector (CR-39) 
40 
with 1.85 A GeV Ar beam observed that the value of mfp was signifi-
cantly smaller than the value expected from the data on primary nuclei. 
However, some other high statistics experiments (27-30) showed no 
evidence of anomalous behaviour of projectile fragments. Since these 
experiments involve much larger sample size and so have smaller 
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statistical uncertainties than the experiment of Tincknell et al (26), 
it seems reasonable to conclude that at the present moment there exists 
no clear evidence for detection of anomalous mfp effect in CR-39. 
Cerenkov detector is also used to study the anomalous behaviour 
of projectile fragments. The results of Symons et al (31) for colli-
sions produced by 1.82 A GeV Ar and 1.88 A GeV Fe in lucite gave 
no indication about the existence of anomalons. They analyzed the 
data of projectile fragments having charge 10 <_ Z <. 26 for Fe 
40 
collisions and 10 <_ Z <_ 18 for Ar collisions. Similar conclusions 
were also drawn by Olson (32) for Z 2 10 fragments produced in the 
collisions of 2,1 A GeV Ca in glass. Stevenson et al (33) also 
investigated the anomalon effect using lucite cerenkov detectors with 
40 20 
1.8 A GeV Ar and 2.1 A GeV Ne beams. These two experiments also 
gave negative results about anomalons. 
Studies of anomalon effect of projectile fragments were also 
performed using bubble chamber. Gasparian and Grigalashvili (34) 
12 
studied about 50,000 collisions of 3.4 A GeV C projectile nuclei. 
Since it is difficult to distinguish between bubble chamber tracks 
of fragments of charge 3,4,5 and 6, the charge identification was 
based on the topology of primary collisions. For example, the 
collisions in which there were only two out going charged particles, 
a multicharged projectile fragment and a proton ejected from the 
target are called 'topology one' events. In these events, the projec-
tile fragments must have been an isotope of carbon. Moreover, the 
fact that both the projectile and target nuclei suffered relatively 
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minor disruption indicates that these collisions were highly peripheral 
The other topologies studied were associated with the ejection of %— 
mesons or high energy charged particles. These are interpreted as 
events in which a closer collision occurred. In particular, it is 
expected that only in 'topology one' events could the projectile have 
suffered only an inelastic excitation, i.e. only in this case could 
12 
the projectile fragment be the entire incident C nucleus. The 
results are based on the data of 2168 events from 'topology one' and 
3563 events from 'other topology'. They reported no anomalon effects 
with 'other topology' events, whereas the 'topology one' events showed 
a strong anomalon effect. Clarke et al (35) have also performed an 
experiment using bubble chamber for the search of anomalons. They 
studied deuteron-deuteron collisions at 7,9 GeV/c. They also reported 
no anomalon effect. Two more groups (36,37) have performed experiments 
using bubble chamber. The results of these groups are in contradiction 
with each other, one in favour of and the other against the anomalon 
hypothesis. 
A different experimental technique^i.e. radioactive technique 
using copper was used by Dresch et al (38) for the search of anomalons. 
They studied the collision properties of projectile fragments from the 
40 
collisions of 0.9 A GeV to 1.8 A GeV Ar with Cu. This is the only 
experiment where attempts were made to study the characteristics of 
nuclear collisions in order to investigate anomalons. They interpreted 
the results of their experiments that in the collisions of 1.8 A GeV 
"^ A^r with Cu, either a new unusual type of projectile fragmentation 
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with an anomalously broad distribution and usually large transverse 
momenta was observed or an unusual unstable projectile fragment species 
that has a large reaction cross-section with matter was observed. 
Using magnetic spectrometer, anomalons were studied by Albeev et al 
(39). No signal for anomalous fragments was found. Lead glass 
detectors were used by Liss et al (40). They also found the negative 
result about the existence of anomalons. In view of the present 
experimental situation it can be said that the problem of anomalons 
is still not closed and it would be interesting to study the anomalous 
behaviour of projectile fragments. 
In the next section of this chapter we will discuss the experi-
mental technique. Finally we will discuss the results for Z = 2 and 
Z 2 3 fragments. For Z = 2 fragments our results are consistent 
with the absence of anomalons. However, for Z 2 3 fragments we do 
find an evidence for the anomalous behaviour for fragments emitted 
from peripheral collisions. 
5.2 Experimental Technique 
The present experiment followed essentially the same method 
in its search for anomalons as has been followed in most of the emulsion 
experiment earlier. An emulsion stack consisting of 40 plates of BR-2 
emulsion, exposed to 4.5 A GeV/c carbon ions, was used. The experiments 
technique used have already been discussed in chapter II. The present 
study is based on 2550 "'"^ C-emulsion collisions, from which 1635 frag-
ments of charge Z = 2, 165 of charge Z = 3, 79 of charge Z = 4, 77 
of charge Z = 5 and 76 of charge Z = 6 were identified. Each 
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fragment was followed until it intereact or left the stack. 
The following was done using NIKON OPTIPHOT (JAPAN) microscope 
with 60X objective and lOX eyepieces. The method adopted for following 
the fragments was line scanning method (see section 2.3.2 of chapter II] 
All the fragments of interest were picked up near the vertex of primary 
collisions and were followed until they interacted or left the stack. 
The following was done by two different persons to avoid any kind of 
biasing. An interaction (secondary interaction) was accepted only 
if at least one additional track was emitted. In this way we found 
650 interactions of Z = 2, 76 of Z = 3, 37 of Z = 4, 36 of 
Z = 5, and 42 of Z = 6 fragments. 
5.3. Mean Free Path of Z = 2 Fragments 
To calculate the interaction mfp as a function of distance, D, 
from the interaction vertex, the tracks were divided into 1 cm intervals 
All the track segments lying within the same interval were added toge-
ther and divided by the total number of collisions observed in that 
interval. For a homogeneous beam of nuclei of charge Z, the mfp ^ 
is defined via the distribution of interaction distance X as 
-X dX 
f(X) dX := exp ( Y ^ ) T - . (5.1) 
\ ^z 
The interaction mfp A, is determined by \ = Z S./n, where S S. 
is the total length of both the interacting and non-interacting tracks 
followed in the ith interval and n is the total number of interactions 
in that interval. 
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In order to study the impact parameter dependence of mfp, 
Z = 2 fragments were divided into two categories: (a) fragments 
emitted from N. <_ 1 events and (b) fragments emitted from N. > 1 
events. Figure 5,2 shows the mfp as a function of distance, D, from 
the point of emission for all fragments and for those belonging to 
categories (a) and (b). As can be seen from the figure, there is no 
evidence for anomalous fragments in any cases. 
For Z = 1 fragments, Judek et al (41) observed a dependence 
of the mfp on the angle of emission. With a view to seeing whether 
a similar dependence exists for Z = 2 fragments also, we plot in 
fig. 5.3 the mfp as a function of distance, D, for fragments with 
0 <_ 1° and 0 > 1°. No dependence of the mfp on the angle of emission 
is found. 
Recently, Bayman and Tang (42) suggested that the presence of 
isotope He may cause the appearance of an anomalous behaviour in the 
/I 
mfp of Z = 2 fragments. He is a particle stable system with a half 
life time of 0.8 sec. and is the isobaric analogue of the 3,56 MeV, 
T = 1 excited state of Li. Its mfp in emulsion is 12.6 cm compared 
4 6 
to about 20 cm of He. The large difference between the mfp of He 
4 6 
and He implies that the mfp of fragments containing both He and 
4 He will vary with distance from the interaction vertex. Bayman and 
12 
Tang further suggested that during the peripheral collisions of C 
nuclei with emulsion, C could be excited to a He + Be binary 
6 4 
c lus te r system which decays into one He, one He and two protons. 
12 
With a view to tes t ing t h i s hypothesis , we divide C-emulsion c o l l i -
sions in to d i f fe ren t react ion channels (see section 4 . 4 . 1 of chapter IV 
£ 
o 
-< 
0 2 A 6 
D(Cm) 
Fig. 5.2 Mean free path versus distance from the 
production point for Z = 2 fragments from 
collisions with (a) Nj^  2 0» (^^ ^^ - "'• "^^ ^ 
(c) Nu > !• The dashed lines represent the 
h 
average value and the solid lines represent 
6'/» anomalous component. 
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12 If during peripheral collisions of C nuclei with emulsion the binary 
cluster system ( He + Be) is produced, it would manifest itself in 
2 X He channel and therefore this channel would exhibit anomalous 
behaviour of Z = 2 fragments. In fig. 5.4 we plot the mfp of Z = 2 
fragments as a function of distance, D, from the interaction vertex 
for different channels. Due to low statistics, the channel 1 x He + 
F -o is excluded from the present analysis. No dependence of the mfp 
on distance, D, is observed in either case. This rules out the hypo-
thesis put forward by Bayman and Tang for the anomalous behaviour of 
12 
Z = 2 fragments from C-emulsion collisions. 
In order to check the results obtained above on the non-
2 
existence of anomalons in the Z = 2 fragments, we performed X -tests 
between our data and two hypotheses: (i) the null hypothesis, i.e. 
no anomalons are present in the fragment (broken lines in Figs. 5.2-5.4] 
and (ii) 6'A of the fragments are anomalons with interaction mfp of 
2.5 cm (Solid lines in Figs. 5.2-5.4). Table 5.1 presents the inter-
action mfps of D ^  3 cm and D > 3 cm along with the values of X /DOF 
2 
in d i f fe ren t cases . Smaller values of X /DOF between the data and the 
nul l hypothesis confirm our conclusion tha t our data are cons i s t en t 
with the non-existence of anomalons in Z = 2 fragments. Thus, the 
behaviour of Z = 2 fragments i s found to be the same as the primary 
beam of a - p a r t i c l e s . The average value of the i n t e r ac t ion mfp of 
Z = 2 fragments i s (20.09 + 0,79) cm which compares well with 
(20.83 + 0.52) cm observed by El-Nadi e t al (43) for primary a -pa r t i c l e s 
a t 2.1 A GeV/c. 
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In Table 5.2 we have summarized the results on Z = 2 fragments 
from various emulsion experiments, 
5,4 Mean Free Path of Z\^ 3 Fragments 
In a high statistics experimentthe most straight forward way to 
analyze the data is to treat fragments of different charges separately. 
When the number of fragments of different charges is small, the 
statistical fluctuations become troublesome. To increase statistics, 
the fragments of different charges are combined together. In order to 
combine mfp data from fragments of different charges, Friedlander et a] 
(21) suggested the following parametrization 
A(Z) =AZ"'^, (5.2) 
where A and b are the charge independent parameters. These para-
meters can be determined using mfp values obtained by studing fragment; 
of a group of primary nuclei, homogeneous in Z. 
Knov/ing the value of A and b for a particular experiment, om 
can use the following procedure to pool experimental data on fragments' 
mfp for different charges. For each distance inverval, A (Z) is 
determined for fragments of different Z values, and A(Z) is calcu-
lated using equation (5.2). These A (Z) values are then averaged ovei 
Z, weighted according to the number of interactions n(Z) in the 
distance interval under consideration; that is, 
S^ S(Z) 2^ 
A*(D) = , (5.3) 
2^ n(Z) 
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TABLE 5.2 
The values of mean free path of Z = 2 fragments 
in the first segment from different emulsion 
experiments. 
Type of 
events 
Total no.of 
fragm.ents 
Beam Energy 
(A GeV) 
A (cm) 
( i n the f i r s t 
segment) 
Reference 
^ h ^ 
\ ^ 
\ -
%^ 
\ ^ 
\ ^ 
\ > 
e 1 
e > 
3 X 
2 X 
1 X 
\ ^ 
\ ^ 
Hot 
Cool 
^ h ^ 
0 
1 
0 
0 
0 
1 
1 
1° 
1° 
He 
He 
He 
0 
0 
0 
509 
359 
150 
3393 
1635 
653 
982 
1272 
363 
264 
822 
478 
4370 
801 
437 
364 
3000 
12, 
t I 
12. 
40 Ar 
56 Fe 
I I 
11 
84 Kr 
3.7 
t I 
» I 
40. 56 2.0 
Ar Fe 
3.7 
1.8 
1.9 
I I 
16.85 + 2 .03 1 
21.40 + 3.43 
10.93 + 2.0 
19.50 + 1.0 
20.85 + 1.45 1 
22.89 + 2 .63 
19.67 + 1.71 
21.15 + 1.69 
19.94 + 2.79 
20.89 + 3.42 
22.79 + 2.39 
18.11 + 2.16 
19.98 + 1.35 
17.07 + 1.51 
19.51 + 2.42 
14.56 + 1 . 8 3 
11 
10 
S Present work 
16 
12 
1.52 22.00 + 1.10 14 
150 
y, 
where S(Z) = A (Z)n(Z), being the total track length of fragments 
of charge Z. 
To study the dependence of the mfp on distance for Z 2 3 
fragments, we pooled our data on the mfp from different charges by 
parameterizing X = /\Z~ for the charge dependence of the mfp, 
where the charge independent parameters A and b were calculated by 
fitting the above equation to data given in Table 5.3. The best fit 
values were A = 24.65 + 0.82 and b = 0.36 + 0.03. Combining data 
for fragments of different charges in the same track segment, the 
reduced mfp A was estimated using relation (5.3). In fig. 5.5, 
A is plotted as a function of distance, D, from the interaction 
vertex for Z > 3 fragments emitted from N. 2 0 and N, <_ 1 colli-
sions. The figure gives an evidence for the anomalous fragments from 
N, <_ 1 collisions. Thus our results show that the mfp of Z 2 3 
fragments produced in peripheral collisions of carbon nuclei with 
emulsion is shorter in the first few centimeters. To summarize our 
results on Z 2 3 fragments, we present in Table 5.4 the values of 
mfp for D ^  3 cm and D > 3 cm. 
In order to check the abnormality of the mfp as a function of 
distance independently of the validity of the equation (5.2), we 
perform the F-test (21) which does not require any knowledge of the 
primary mfp. We calculate the ratio F ='^-.ZA2 for various charges, 
where A, is the mfp in the first 3 cm and A2 is the mfp beyond 
3 cm. We then calculate for each charge the integral probability P 
of the ratio F. P is distributed uniformaly in the interval (O-l) 
if no anomalons are present. Therefore, the mean value of P for V 
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TABLE 5,3 
The calculated and measured values of the interaction mean 
free path for fragments of different charges. 
Charge of Momentum A(cm) A(cm) Present Experiment 
fragment (A GeV/c) Calculated Measured Ref. Momentum A(cm) 
(A GeV/c) Measured 
Z = 2 4,.5 19.6 1 9 . 5 + 0 . 3 * 44 4 .5 2 0 . 0 9 + 0 . 8 1 
Z = 3 4 . 1 16.4 1 3 . 8 + 0 . 6 23 4 .5 1 5 . 0 7 + 1 . 7 8 
Z = 4 4 . 1 15.0 14.9 + 0 .6 23 4 .5 14 .81 + 2.52 
Z = 5 4..1 14.0 13.7 + 0 . 5 23 4 .5 13.79 + 2 .38 
Z = 6 4 . 1 13.5 1 3 . 8 + 0 . 5 23 4 . 5 12.80 + 2.06 
* Values of the mfp (A) for beam nuclei. 
TABLE 5.4 
Mean f ree pa ths a t d i f f e r e n t d i s t a n c e s from the p roudc t ion 
p o i n t fo r d i f f e r e n t c a t e g o r i e s of Z 2 ^ fragments (N- i s 
the number of i n t e r a c t i o n s ) 
D <. 3 (cm) D > 3 (cm) 
Type of 
even t s N^ S^(ciTi) A(cm) N^ S.(cm) A(cm) 
Nj^  > 0 63 1657.47 26.31 + 3.38 97 2272.35 23 .43 + 3.40 
\ < I 20 345.36 17.27 + 3.97 24 508.01 21.17 + 4.42 
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lines represent the average value and the solid lines 
represent 6'/. anomalous component. 
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different charges should be 0,5 and its standard deviation should be 
-1/2 (l2V) ' , The mean value of P for fragments from Nj^  2 0 events 
is 0.43. This agrees with the expected value of 0.5 if no anomalons 
are present. However, the average value of P for Z 2 3 fragments 
from N. <, 1 collisions is only 0.25. This indicates the presence of 
anomalons in Z 2 3 fragments emitted from peripheral collisions of 
carbon nuclei with emulsion, confirming our earlier conclusion drawn 
from fig. 5.5. 
5.5 Summary and Conclusions 
V^ e have analyzed the interaction mfp in nuclear emulsion of 
fragments with charge Z = 2 and Z 2 3 using a data sample consis-
ting of 2550 "C-emulsion collisions and studied their possible depen-
dence on distance. We do not find any evidence for anomalously shorte] 
mfp for Z = 2 fragments in the first few centimeters of the produc-
tion point. However, we do find an evidence for anomalously shorter 
mfp for Z 2 3 fragments emitted from peripheral collisions (N, <, 1 
events). 
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